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FOREWORD 


This  report  summarizes  an  investigation  of  available  techniques 
for  automating  the  determination  of  aggregate  size  distribution 
at  the  processing  plant.   As  such,  it  will  be  of  interest  to 
those  engineers  concerned  with  the  amount  of  time  and  labor  cur- 
rently expended  on  gradation  determinations  for  use  in  process 
control . 

Candidate  techniques  were  analysed  not  only  for  their  technical 
feasibility  but  also  for  their  ability  to  meet  the  economic  con- 
straints of  a  range  of  aggregate  plant  sizes. 

This  report  is  being  distributed  in  sufficient  numbers  to  provide 
a  minimum  of  two  copies  to  each  regional  office,  one  copy  to 
each  division  office  and  one  copy  to  each  State  highway  agency. 
Direct  distribution  is  being  made  to  the  division  offices. 

Charles  F.  SdfteTfey 
Director,  Office  of  Research 
Federal  Highway  Administration 


NOTICE 

This  document  is  disseminated  under  the  sponsorship  of  the  Department  of 
Transportation  in  the  interest  of  information  exchange.   The  United  States 
Government  assumes  no  liability  for  its  contents  or  use  thereof.   The 
contents  of  this  report  reflect  the  views  of  the  contractor,  who  is 
responsible  for  the  accuracy  of  the  data  presented  herein.   The  contents 
do  not  necessarily  reflect  the  official  views  or  policy  of  the  Department 
of  Transportation.   This  report  does  not  constitute  a  standard,  specification, 
or  regulation. 

The  United  States  Government  does  noc  endorse  products  or  manufacturers. 
Trade  or  manufacturers'  names  appear  herein  only  because  they  are  considered 
essential  to  the  object  of  this  document. 
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PREFACE 


This  report  presents  the  results  of  a  two-year  study  which  was  con- 
ducted for  the  Federal  Highway  Administration,  U.  S.  Department  of  Transpor- 
tation, to  evaluate  techniques  for  automatic  gradation  applicable  to  aggregate 
materials  used  in  highway  construction.  The  impetus  for  this  study  was  the 
need  for  improved,  rapid  information  on  aggregate  gradation  for  process  con- 
trol and  to  facilitate  producer  certification  of  highway  aggregates.  This 
work  was  performed  by  JACA  Corp.  of  Fort  Washington,  Pennsylvania,  under 
Contract  DOT-FH-11-9308  and  forms  one  part  of  Task  4F7  of  Federally  Coor- 
dinated Programs  (FCP).  The  Contract  Manager  was  Dr.  Stephen  W.  Forster  of 
the  Office  of  Research,  Materials  Division,  FHWA,  whose  guidance  throughout 
the  project  is  greatly  appreciated.  Dr.  Terry  Mitchell  and  Mr.  Tom  Pasko  of 
the  Materials  Division  of  FHWA  also  provided  helpful  suggestions  during 
progress  meetings. 

All  of  the  Advisory  Committee  members,  actively  involved  in  the  high- 
way materials  industry  and  scientific  research,  provided  important  inputs 
throughout  the  study.  They  reviewed  research  findings  and  met  in  all  day 
meetings  several  times  at  FHWA  to  consider  progress  and  address  problems. 
Their  important  contributions  dre   gratefully  acknowledged.  Appendix  A 
includes  a  list  of  the  Advisory  Committee  members  and  their  respective 
affiliations. 

This  study  has  drawn  on  the  specialized  expertise  of  a  number  of 
professionals  who  served  as  consultants  to  JACA:  the  late  Bill  Rundquist, 
Felix  Shay,  Mike  Negin,  Ernie  Rabinowicz,  Bob  McMaster,  Tom  Hawes  and  Joan 
Hay.  Richard  Shultz  and  Milt  Clyman  of  Information  Spectrum,  Inc.  assisted 
in  analyses  of  system  reliability.  Mr.  Geoffrey  Hotham  of  Laser  Holography, 
Inc.,  provided  information  about  the  vidicon  system.  The  computer  literature 
search  provided  by  Mr.  Leonard  Lang  of  KASC,  Inc.,  formed  a  part  of  the  tech- 
nique identification  process.  The  law  firm  of  Weiser,  Stapler  and  Spivak 
conducted  the  patent  search.  Mr.  John  DiRenzo  of  Highway  Materials,  Inc., 
provided  graded  aggregate  samples  for  use  in  the  experimental  phase. 

Representatives  of  equipment  manufacturers  freely  shared  their  know- 
how.  Their  efforts  are  hereby  acknowledged:  Mr.  Rodgers  Hill  of  Triple/S 
Dynamics,  Inc.,  Dr.  Robert  Knollenberg  of  PMS,  Inc.,  Messrs.  Peter  Lisa  and 
Robert  McMillen  of  CEA  Carter-Day,  Messrs.  James  Vignos,  Robert  Silva  and 
Steve  Bruno  of  Foxboro,  Mr.  Peter  Lee  representing  Ramsey  Engineering  Co., 
Mr.  Jerry  Andrews  of  FMC  and  Mr.  Ray  Tetrault  of  Leeds  and  Northrup. 

It  is  hoped  that  the  methods  and  concepts  described  herein  will 
provide  further  impetus  to  the  development  and  demonstration  of  viable 
techniques  for  automatic  aggregate  gradation  and  improve  the  certification 
process  for  highway  aggregates. 
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1.0    INTRODUCTION 


Mineral  aggregate  used  in  highway  construction  is  routinely  sampled 
and  tested  to  determine  its  size  gradation.  Gradation  testing  procedures 
assure  the  aggregate  consumer  (primarily  government  transportation  agencies 
acquiring  construction  services  and  materials)  that  purchased  material 
conforms  to  their  gradation  specifications,  and  testing  minimizes  the  amount 
of  unacceptably  graded  aggregate  incorporated  into  a  construction  project. 
In  addition,  gradation  test  results  are   important  to  aggregate  producers 
because  their  contract  price  for  materials  sold  to  government  agencies  may 
depend  on  the  degree  of  nonconformance  to  specification  limits  and  tolerance 
levels. 

State  transportation  authorities  and  national  organizations  such  as 
the  American  Association  of  State  Highway  and  Transportation  Officials 
(AASHTO)  develop  and  promulgate  gradation  specifications  to  ensure  satis- 
factory highway  performance.  However,  there  is  much  disagreement  as  to  the 
most  universally  satisfactory  gradations.  Many  gradation  principles,  such  as 
limiting  the  quantity  of  minus  200  mesh  (0.075  mm)  material  to  avoid  frost 
heaving  and  controlling  the  quantity  and  size  of  voids,  are  generally  con- 
sidered necessary  within  some  limits,  but  economic  considerations  and  avail- 
ability of  local  materials  have  led  to  a  diversity  of  gradation  specifica- 
tions for  aggregates  used  for  similar  purposes  in  different  geographic  areas 
(Miller-Warden  Associates,  1965;  Richardson,  et.  al.,  1977). 

The  current  gradation  practice  of  sampling  and  sieving  to  test  for 
compliance  with  specifications  is  a  manual,  labor  intensive  procedure  which 
is  time-consuming  and  costly.  State  highway  agencies  alone  spend  some  $20 
million  each  year  on  aggregate  gradation  testing,  and  the  largest  portion  of 
the  cost  is  labor  (FHWA  Office  of  Research,  personnal  communication).  The 
results  of  such  tests,  most  often  conducted  in  the  field  by  the  consumer, 
are  not  relayed  to  the  producer  until  after  the  production  of  a  substantial 
amount  of  material  which  may  or  may  not  meet  specifications.  Besides  being 
costly,  manual  sampling  and  testing  are  subject  to  human  error  and  bias,  so 
that  test  results  may  not  accurately  reflect  the  gradation  of  the  aggregate 
tested. 

The  purpose  of  this  study  is  to  investigate  automatic  aggregate 
gradation  analysis  techniques  which  are  now  in  use  or  techniques  which  could 
be  adapted  to  the  aggregate  industry  from  other  uses  or  industries.  This 
explicitly  implies  the  investigation  of  innovative  automatic  analysis  tech- 
niques which  do  not  utilize  conventional  sieves  as  the  particle  sizing 
principle.  It  is  thought  that  through  the  development  and  widespread  util- 
ization of  automated  gradation  analysis  procedures  in  the  aggregate  industry 
a  reduction  in  the  number  of  manual  tests  required  for  product  acceptance 
would  be  realized.   Ideally,  reduction  in  the  frequency  of  manual  sampling 
and  testing  has  the  potential  to  reduce  testing  costs  while  automation  would 
give  improved  data  for  product  quality  control.  The  intent  of  this  approach 
is  long  range  and  is  directed  to  the  eventual  elimination  of  manual  job 
inspection  as  it  is  presently  practiced. 
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The  scope  of  this  study  emphasized  the  identification  of  automatic 
aggregate  gradation  analysis  techniques  which  can  be  applied  on-line  at  the 
production  facility.  In  this  respect,  the  analysis  technique  as  applied  at 
the  production  facility  is  to  be  the  basis  for  product  acceptance  relative 
to  gradation  specifications.  The  result  of  this  approach  is  that  the  res- 
ponsibility for  product  acceptance  testing  is  shifted  from  the  aggregate 
consumer  to  the  producer.  The  consumer  exercises  adequate  control  over  this 
procedure,  through  certification  of  testing  equipment  and  procedure.  This 
study  has  emphasized  gradation  acceptance  testing  at  the  producer  level 
rather  than  just  quality  control  of  the  production  process.  This  distinc- 
tion is  important  because  these  two  testing  alternatives  encompass  different 
considerations  in  the  development  of  a  practical  system. 1  The  acceptance 
testing  system  of  this  study  provides  three  functions:  a  test  for  size,  an 
alarm  (if  out  of  specification),  and  a  test  record.  It  does  not  include  an 
automatic  feedback  loop  to  control  the  process. 

Product  acceptance  gradation  analysis  incorporates  present  gradation 
practices,  standards,  and  specifications  as  developed  by  organizations  such 
as  the  American  Association  of  State  Highway  Transportation  Officials  (AASHTO) 
and  the  American  Society  for  Testing  and  Materials  (ASTM).  In  this  respect, 
there  are  comprehensive  procedural  requirements  as  to  the  particle  size  range 
to  be  analyzed,  sampling  frequency,  measurement  accuracies,  presentation  of 
data,  etc.  Utilization  of  innovative  sizing  techniques  would  require  that  a 
parametric  relationship  be  established  to  correlate  the  results  of  this 
analysis  to  sieve  analysis  results.  At  least  initially  a  replication  of 
sieve  analysis  results  is  sought,  although  specifications  may  eventually  be 
altered  to  reflect  the  measurements  by  a  generally  accepted  innovative  sizing 
technique.  Since  gradation  specifications  are  written  in  terms  of  weight 
percent  passing  designated  sieves,  it  is  essential  that  the  measurement 
results  be  written  in  terms  of  the  specifications  or  the  specifications  be 
changed  to  accomodate  the  method  of  measurement.  Innovative  sizing  tech- 
niques will  not  be  accepted  either  in  the  aggregate  industry  or  by  the  final 
consumer  until  they  are  proven  reliable  through  correlation  studies.  Once 
the  sizing  technique  and  results  are  shown  to  be  reliable,  the  aggregate 
producer,  employing  approved  procedures,  then  certifies  the  size  gradation  of 
the  product.  A  certified  and  acceptable  product  implies  that  the  cost  of  the 
gradation  equipment  can  be  offset  by  better  plant  throughput,  reduced  rejects, 
and  reduction  in  consumer  test  costs. 

Quality  control  testing,  on  the  other  hand,  does  not  necessarily  imply 
that  standard  test  procedures  be  followed  or  sieve  analysis  results  be 
replicated.  For  process  quality  control,  short-cut  or  simplified  analysis 
techniques  may  be  utilized  to  indicate  trends  in  product  quality  and  process 
parameters.  Again,  parametric  representation  may  be  required  depending  on 
the  technique  utilized  for  size  analysis.   Cost  offsets  for  such  control 
gradation  equipment  are  optimization  of  plant  throughput  and  reduction  of 
reject  materials.  However,  such  internal  quality  control  at  the  producer's 


lit  did  become  apparent  during  this  study  that  one  particularly  attractive 
sizing  technique  is  better  suited  to  process  quality  control. 
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plant  may  not  fully  assure  the  product's  acceptability  to  the  consumer,  and 
acceptance  testing  by  the  consumer  may  still  be  necessary.  Therefore,  an 
economical  cost  for  a  quality  control  gradation  device  might  be  significantly 
less  than  for  a  device  that  is  used  for  product  acceptance. 

This  investigation  of  automatic  aggregate  gradation  analysis  tech- 
niques focused  on  four  basic  objectives  as  specified  by  the  contract  state- 
ment of  work.  The  study  objectives  were: 

•  To  establish  the  technical  and  cost  use  specifications  of  an 
automatic  aggregate  gradation  analysis  system  based  on  industry 
practices  and  economic  needs. 

•  To  identify  and  study  automatic  aggregate  gradation  analysis 
techniques  which  are  now  being  used  during  aggregate  production 
and  use. 

t    To  identify  and  study  techniques  not  currently  used  for  gradation 
analysis  in  the  aggregate  industry  but  which  might  be  practically 
adapted  to  aggregate  gradation  analysis.  Particular  attention 
was  given  to  techniques  used  in  other  industries  for  handling 
particulate  matter  or  products. 

•  To  adapt  and  modify  promising  techniques  to  reduce  the  overall 
cost  and  time  devoted  to  aggregate  gradation  analysis. 

In  accordance  with  the  research  study's  objectives,  JACA  conducted  a 
two  year  investigation  of  automatic  gradation  analysis  techniques  which  might 
be  adapted  for  use  in  the  aggregate  industry. 
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2.0  BACKGROUND 

A  recent  survey  (Richardson,  et  al . ,  1977)  of  various  state  highway 
department  practices  shows  that  currently  the  aggregate  consumer  performs 
gradation  acceptance  testing  89  to  95  percent  of  the  time.  The  survey  also 
indicates  that  most  aggregate  producers  perform  only  a  limited  amount  of 
process  control  or  acceptance  testing  whether  in  conjunction  with  the  con- 
sumer or  independently.  Two  significant  trends  in  the  aggregate  industry 
will  shift  some  of  this  testing  responsibility  to  the  producer. 

Quality  assurance  programs  have  been  established  by  states  such  as 
Pennsylvania  and  New  Jersey  in  which  the  producer  is  required  to  perform 
quality  control  tests  at  intervals  agreed  upon  by  the  consumer  and  the  pro- 
ducer. However,  ultimate  acceptance  of  material  under  contract  is  dependent 
on  tests  performed  by  the  consumer.  Such  quality  assurance  programs  tend  to 
reduce  the  number  of  tests  by  the  consumer.  An  important  aspect  of  these 
programs  is  that  they  incorporate  statistical  concepts  and  random  sampling 
into  the  quality  assurance  process. 

Another  trend  is  to  shift  all  of  the  acceptance  testing  responsibility 
from  the  consumer  to  the  producer.  Several  state  highway  agencies  such  as 
North  Carolina,  Georgia,  West  Virginia  and  Iowa  have  adopted  certification 
programs  to  relieve  the  state  inspectors  of  the  testing  responsibility.  In 
these  programs,  the  state  certifies  the  producer's  test  procedures,  including 
methods,  equipment  and  personnel  training.  The  producer  who  employs  approved 
procedures  can  certify  the  size  gradation  of  the  product.  These  certification 
programs  also  incorporate  statistical  concepts  and  random  sampling,  as  well 
as  statistically  based  specifications. 

Even  with  a  trend  toward  gradation  testing  by  the  aggregate  producer, 
the  test  methods  are  relatively  unchanged.  Random  sampling  plans  have  re- 
ceived attention,  but  they  are  not  universally  applied  in  the  aggregate  in- 
dustry. Representative  or  selective  sampling  is  more  often  practiced.  The 
gradation  analysis  procedures  are  manual,  except  in  the  sieving  step  where 
mechanical  shakers  are  utilized.  In  rare  instances,  automatic  sample  cutters 
and  sample  splitters  are  used,  but  only  in  special,  high  production  situations, 

2.1  Present  Gradation  Testing  Practices 

Aggregate  gradation  tests  are  intended  to  estimate  the  particle  size 
distribution  of  a  relatively  large  quantity  of  material  by  measuring  the  size 
distribution  of  smaller  samples.  For  purposes  of  discussion  the  gradation 
testing  procedure  can  be  separated  into  two  distinct  steps:  field  sampling 
and  laboratory  gradation  analysis.  Field  sampling  is  obtaining  gross  samples 
of  aggregate  from  a  quantity  of  material  being  tested.  Laboratory  gradation 
analysis  consists  of  several  steps  performed  in  the  laboratory  with  the  in- 
tention of  reducing  the  gross  sample  and  measuring  the  size/weight  distribu- 
tion of  a  smaller  quantity  of  material.  Gradation  analysis  can  be  subdivided 
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into  at  least  four  steps:  sample  preparation,  sieving,  weighing  and  calcula- 
tions. A  distinction  should  be  made  between  sampling  and  sample  preparation 
because  each  of  these  steps  may  contribute  significantly  to  the  overall  error 
of  the  gradation  determination.  While  field  sampling  removes  gross  samples 
from  a  batch  or  lot  being  tested,  sample  preparation  consists  of  drying  and 
reducing  this  gross  sample  to  a  size  suitable  for  sieving,  i.e.,  a  test 
portion.  Dry  sieving  alone  is  usually  satisfactory  for  routine  testing  of 
normally  graded  aggregates.  When  accurate  determination  of  minus  200  mesh 
material  is  required,  a  combined  wet  and  dry  method  is  required.  The  wet 
method  is  intended  to  remove  the  minus  200  mesh  material  first  by  suspending 
these  particles  in  water  and  then  screening. 

2.1.1  Field  Sampling 

Because  the  decision  to  accept  or  reject  aggregate  material  necessarily 
depends  on  a  limited  number  of  gradation  tests,  accurate  sampling  is  essential 
for  reliable  tests.  It  is  imperative  that  the  distribution  characteristics 
of  the  sample  be  an  unbiased  estimate  of  the  distribution  characteristics  of 
the  material  from  which  the  sample  was  removed. 

In  practice,  a  sampling  plan  should  be  devised  for  a  particular  test- 
ing situation.  However,  there  are   general  guidelines  and  practical  consider- 
ations which  should  be  followed.  Standard  methods  of  sampling  aggregates 
have  been  set  forth  by  the  American  Society  for  Testing  and  Materials  (ASTM 
Designation  D75-71 )  and  the  American  Association  of  State  Highway  and  Trans- 
portation Officials  (AASHTO  Designation  T2-68).  These  standards  provide 
guidelines  on  how  and  where  to  sample  and  the  number  and  weights  of  field 
samples.   In  addition,  ASTM  provides  standards  for  probability  sampling  to 
obtain  statistically  valid  samples  in  ASTM  Designations  E105,  E122,  E141, 
and  D3665.  The  four  standards  listed  above  provide  the  basis  for  statistical 
quality  control  plans  but  are   not  always  applied  in  the  aggregate  industry. 
According  to  a  study  by  the  Office  of  Federal  Highway  Projects,  Region  10 
(Richardson, et  al . ,  1977),  there  are   large  variations  in  the  sampling  and 
testing  practices  of  state  highway  agencies  and  few  agencies  have  statis- 
tically-based gradation  specifications. 

If  statistical  quality  assurance  programs  are  to  be  used  in  highway 
construction,  the  data  used  for  analysis  should  be  obtained  from  random 
sampling.  Random  sampling  implies  that  each  segment  of  a  population  has  an 
equal  chance  of  becoming  part  of  a  sample.  ASTM  recommends  random  sampling, 
but  this  is  under  the  assumption  that  statistical  techniques  are  applied 
in  the  data  analysis  steps.  Highway  engineers  and  plant  personnel  respon- 
sible for  gradation  testing  more  often  select  "representative"  samples  based 
on  their  judgment,  experience  or  personal  preferences.  This  type  of  sampling 
is  obviously  biased  and  does  not  always  represent  the  overall  material  quality. 
A  comparison  between  test  results  on  selective  samples  and  randomly  chosen 
samples  indicates  that  the  selective  samples  may  show  greater  conformance  to 
specifications  depending  on  the  method  of  sampling  (Sherman  and  Watkins,  1968), 
Composite  samples  are   sometimes  obtained  by  extracting  sample  increments  from 
various  sections  of  a  stockpile  in  an  attempt  to  average  out  variations  and 
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estimate  the  overall  gradation.  After  much  sampling  experience,  a  person  may 
be  able  to  recognize  portions  of  a  pile  that  contain  non-representative  por- 
tions of  fine  or  coarse  aggregate  and  selectively  choose  representative 
samples.  A  highway  engineer  may  also  determine  that  a  particular  test  was 
not  representative  of  the  actual  gradation  and  require  resampling  and  a  check 
test.  Since  retesting  is  more  commonly  applied  to  verify  failing  tests,  the 
result  of  this  practice  is  to  bias  test  results  in  favor  of  accepting  poor 
quality  material  (Sherman  and  Watkins,  1968).  Under  present  procedures,  the 
skill  and  judgment  of  the  highway  engineer  are  important  aspects  of  sampling 
and  overall  quality  assurance. 

Choice  of  sampling  locations  is  of  prime  consideration  when  sampling 
aggregate.  There  are  numerous  possible  locations  in  the  course  of  aggregate 
production  and  use,  all  of  which  are  employed  to  some  extent.  The  exact 
location  may  depend  on  the  layout  and  design  of  the  production  facility,  the 
type  of  material,  the  method  of  construction,  safety  factors  and  the  facility 
of  sampling.  A  survey  of  state  highway  agencies  (Richardson, et  al . ,  1977) 
indicates  that  samples  are  just  as  frequently  obtained  from  roadways,  con- 
veyor belts  and  bins,  stockpiles  and  vehicles,  which  may  be  trucks,  barges 
or  railroad  cars.  There  is  no  uniformity  in  sampling  practices  and  often 
samples  are  obtained  from  more  than  one  location. 

A  1967  research  study  (Miller-Warden  Associates,  1967)  concludes  that 
significant  variations  in  gradation  test  results  occur  because  of  the  choice 
of  sampling  locations.  Sampling  variations  increase  according  to  the  follow- 
ing order  of  sample  location:  plant  (belt),  truck,  roadway,  and  stockpiles. 
It  is  recommended  that  samples  be  obtained  as  close  as  possible  to  the  point 
of  use  if  the  tests  are  to  determine  compliance  with  gradation  specifications, 
When  sampling  at  the  point  of  use  is  impractical,  samples  should  be  obtained 
from  a  conveyor  or  flowing  stream  of  aggregate.  It  is  difficult  to  obtain 
samples  from  stockpiles  because  of  the  tendency  of  some  segregation  of  par- 
ticles. A  larger  percentage  of  fines  tends  to  accumulate  at  the  apex  of  a 
conical  pile  while  coarse  particles  predominate  at  the  pile  base.  Depending 
on  the  wind  conditions,  material  moisture,  and  the  vertical  distance  from  the 
conveyor  to  the  pile,  finer  aggregate  may  be  blown  to  one  side  of  the  pile. 
ASTM  (Designation  D75-71)  does  not  recommend  sampling  stockpiles,  but  this  is 
still  a  common  practice. 

Particle  segregation  is  a  common  occurrence  when  handling,  storing  and 
transporting  aggregate  material .  Segregation  causes  unwanted  variations  in 
the  particle  size  distribution  and  requires  that  particular  attention  be 
given  to  the  sampling  location  as  well  as  the  method  of  sampling.  Segrega- 
tion of  particles  causes  the  size  gradation  to  vary  through  the  course  of 
aggregate  production  and  use  in  a  non-uniform  pattern,  which  tends  to  in- 
crease with  each  handling  operation  (Miller-Warden  Associates,  1967). 

Johanson  (1978)  lists  several  reasons  why  particles  tend  to  segregate: 

•    Fines  sift  through  voids  between  larger  particles  when  a  mixture 
is  dumped  or  jostled  in  a  bin 
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t    Fines  have  a  steeper  angle  of  repose  than  coarse  particles.  This 
causes  fines  to  concentrate  in  the  center  of  a  stockpile  while 
coarser  particles  collect  on  the  outside 

•  Fines  sift  to  the  bottom  on  a  conveyor  belt  and  tend  to  stick  to 
the  belt  surface.  This  alters  their  trajectory  upon  leaving  the 
belt  and  causes  them  to  deposit  closer  to  the  end  of  the  belt 
than  the  coarser  particles 

•  Fines  are  usually  less  resilient  than  coarse  particles,  so  when 
mixed  material  is  dumped  into  a  stockpile,  fines  deposit  at  the 
apex  while  coarse  particles  bounce  away. 

It  is  apparent  that  particle  segregation  does  occur  during  aggregate  produc- 
tion and  use,  but  no  single  handling  operation  can  be  isolated  as  the  princi- 
pal cause  (Miller-Warden  Associates,  1967).  Since  very   little  is  done  to 
prevent  particle  segregation,  the  sampling  plan  should  include  consideration 
of  inherent  variations  in  gradation  due  to  particle  segregation. 

The  specific  sampling  methodology  is  dependent  on  the  choice  of  samp- 
ling location  as  well  as  the  type  of  aggregate.  Sampling  should  be  accom- 
plished in  a  manner  which  prevents  the  loss  of  disproportionate  amounts  of 
coarse  or  fine  particles  and  should  consider  possible  variations  in  material 
quality.  To  account  for  material  variability  a  gross  sample  should  be  a  com- 
posite sample  made  up  of  a  number  of  increments.  ASTM  (Designation  D75-71) 
recommends  that  each  gross  sample  obtained  at  any  one  location  be  composed 
of  at  least  three  increments  of  approximately  the  same  weight.  For  the  most 
part  material  sampling  is  manual  and  requires  an  appropriate  sampling  tool 
to  prevent  the  loss  of  coarse  aggregate. 

Gross  sample  (or  field  sample)  weights  largely  depend  on  the  maximum 
particle  size  of  the  aggregate  mix,  the  number  of  tests  that  may  be  required 
and  the  quantity  of  material  needed  to  run  a  test.  For  sand,  gravel,  stone 
and  slag,  ASTM  (Designation  D75-71)  cites  tentative  minimum  weight  require- 
ments for  field  samples  based  on  the  top  size  of  the  aggregate  to  be  tested. 
These  field  sample  weights  range  from  386  lbs  (175  kg)  for  3.5  inch  (90  mm) 
top  size  aggregate  to  25  lb  (10  kg)  for  3/8  inch  (9.5  mm)  top  size  aggregate. 

Samples  should  be  extracted  in  such  a  manner  that  the  particle  distri- 
bution characteristics  of  the  bulk  material  are  retained.  Current  practices 
are  such  that  this  requirement  is  generally  followed,  but  not  in  all  cases. 
Stockpile  sampling  is  frequently  practiced,  though  not  recommended.  The  most 
common  method  of  sampling  is  to  remove  sample  increments  by  shovel  or  scoop 
from  the  outer  layer  of  the  stockpile  (Richardson,  et  al . ,  1977).  This  is 
often  done  selectively  from  different  sections  of  the  pile. 

The  preceding  brief  account  of  the  various  sampling  possibilities  and 
practices  shows  that  present  sampling  practices  vary  considerably  in  the 
course  of  aggregate  production  and  use.   A  more  detailed  account  of  sampling 
guidelines  is  available  in  ASTM  Designation  D75-71.  In  addition,  numerous 
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research  study  reports  are  available  which  offer  suggestions  for  improved 
sampling  techniques  and  provide  more  specific  sampling  guidelines  (Richard- 
son, et  al.,  1977;  Miller-Warden  Associates,  1967;  Nichols,  1978;  Battelle, 
1976). 

Present  sampling  procedures  often  result  in  one  periodic  sample  and 
subsequent  gradation  analysis  as  the  basis  for  acceptance  or  rejection  of 
aggregate  material.  The  frequency  of  sampling  and  testing  varies  consider- 
ably among  highway  agencies  and  with  the  intended  use  of  the  aggregate.  A 
general  range  is  on  the  order  of  one  test  per  250  to  7,000  tons  (230  to 
6,400  Mg)  (Richardson,  et  al . ,  1977).  The  most  common  practice  is  that  one 
test  result  is  assumed  to  be  representative  of  about  1,000  tons  (910  Mg)  of 
aggregate.  These  frequencies  should  not  be  construed  as  steadfast  rules; 
they  simply  show  the  variability  and  infrequency  of  gradation  testing.  The 
variation  in  sampling  frequency  indicates  that  a  common  basis  for  sampling 
is  not  in  use. 

Sample  frequency  is  not  commonly  used  to  describe  sampling  methodology, 
More  commonly  sampling  is  expressed  in  terms  of  lot  size  and  sample  size.  A 
lot  can  be  defined  as  a  specified  quantity  of  material  [e.g.  1,000  tons  (910 
Mg],  a  stockpile  or  a  truck  load)  or  as  a  specified  time  period  during  the 
production  sequence  (e.g.  one  day's  production).  The  lot  size  should  be 
specified  prior  to  sampling.  It  is  difficult  to  designate  one  appropriate 
lot  size  because  this  decision  is  based  on  factors  such  as  the  type  of 
aggregate,  the  intended  use  of  the  aggregate,  production  rate,  the  testing 
time,  the  perceived  importance  of  the  gradation  test  results,  how  quickly 
the  test  results  are  desired  and  economic  considerations. 


2.1.2  Laboratory  Gradation  Analysis 

Standard  square-aperture  test  sieves  are  the  most  widely  accepted 
means  for  determining  the  particle  size  distribution  of  aggregate  material 
during  stages  of  production  and  use.  By  the  use  of  a  series  of  sieves  having 
apertures  embracing  the  size  range  of  material  being  tested,  complete  infor- 
mation on  the  particle  size  distribution  in  the  test  sample  can  be  obtained 
(ASTM  STP  447A,  1972).  Shaking  the  series  of  sieves  for  a  desired  time 
period  serves  to  mix,  distribute  and  orient  material  on  the  sieve  surfaces 
and  aids  the  passage  of  particles  through  the  openings.  This  method  of  size 
analysis  is  theoretically  a  measure  of  the  second  longest  dimension  of  indi- 
vidual particles  which  are  presented  for  passage  through  the  square  apertures, 
If  a  particle  is  viewed  as  a  rectangular  prism,  the  shortest  two  dimensions 
are  presented  to  the  screen  opening,  and  the  particle  is  sized  according  to 
the  longer  of  these  two  dimensions  (thus  the  second  longest  dimension  of  the 
three).  Gravimetric  analysis  of  the  separated  size  fractions  results  in  a 
weight  distribution  of  particle  size. 

The  standard  method  of  testing  for  sieve  or  screen  analysis  of  fine 
and  coarse  aggregate,  as  approved  by  ASTM  (Designation  C136-76)  and  AASHT0 
(Designation  T27-70)  consists  of  sample  preparation,  sieving,  weighing,  and 
calculations. 
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Once  a  field  sample  has  been  properly  obtained,  it  is  usually  necessary 
to  reduce  this  sample  unit  to  a  size  suitable  for  sieve  analysis  without  des- 
troying the  particle  distribution  characteristics.  A  method  of  coning  and 
quartering  and  the  use  of  sample  splitters  is  recommended. 

Material  retained  after  reduction  by  splitting  may  be  termed  a  test 
portion  and  is  subjected  to  sieve  analysis.  The  optimum  size  of  a  test 
portion  largely  depends  on  the  material's  bulk  density  and  range  of  particle 
size.  ASTM  (Designation  C136-76)  recommends  minimum  test  portion  weights 
based  on  the  top  size  of  the  aggregate  to  be  analyzed.  Recommended  test 
portion  weights  range  from  155  lb  (70  kg)  for  3.5  inch  (90  mm)  top  size 
aggregate  to  about  0.25  lb  (100  gm)  for  0.10  inch  (2.5  mm)  top  size  aggre- 
gate. These  weights  are  tentative  and  often  used  as  a  guide  to  determine 
the  appropriate  test  portion  weight;  it  may  be  necessary  to  determine  the 
appropriate  test  portion  weight  through  a  trial  and  error  process.  A  1969 
report  by  Miller-Warden  Associates  Division  of  Materials  Research  and  Deve- 
lopment Inc.  (Hudson,  et  al . ,  1969)  indicates  that  the  use  of  test  portion 
weights  specified  by  ASTM  CI 36  or  AASHT0  T27  may  result  in  large  errors  in 
the  reported  results  of  gradation  tests  for  coarse  aggregates.  These  errors 
are  due  primarily  to  the  inherent  variability  of  aggregate  material,  or  the 
random  arrangement  of  individual  particles.  Much  larger  test  portion  weights 
are  recommended  so  that  a  greater  degree  of  accuracy  may  be  obtained  in  the 
analysis  results. 

ASTM  recommends  that  test  portions  be  dried  to  a  constant  weight  prior 
to  sieving  at  a  temperature  of  100  ±  5°C  (212  ±  90F).  This  is  intended  to 
insure  uniformity  of  test  results.  Most  highway  agencies  do  dry  samples 
to  some  extent  by  employing  conventional  ovens,  sun  drying,  air  drying  or 
flame  drying  techniques  (Richardson,  et  al.,  1977).  This  portion  of  the 
testing  procedure  is  undoubtedly  the  most  time  consuming,  taking  perhaps 
5.5  hours  depending  on  the  type  of  aggregate  ,  weight  and  moisture  content. 

Once  a  test  portion  is  dried  and  the  dry  weight  determined,  it  is 
passed  through  a  series  of  nested  sieves  which  are  selected  according  to  the 
gradation  specification  of  the  material  in  question.  For  routine  gradation 
analysis,  sieves  with  apertures  in  the  range  of  4  inches  (100  mm)  to  200 
mesh  (0.075  mm)  are  used. 

Selected  sieves  are  nested  in  sequence  with  the  coarsest  sieve  on  the 
top  and  a  solid  pan  at  the  bottom.  A  test  sample  is  placed  on  the  top  sieve 
and  the  entire  nest  covered.  Most  laboratories  are  equipped  with  mechanical 
sieve  shakers,  if  frequent  gradation  tests  are   required.  They  not  only 
eliminate  much  tedious  labor,  but  produce  more  consistent  results. 

Use  of  mechanical  sieve  shakers  requires  that  the  operator  assign  the 
length  of  sieving  time  best  suited  to  the  material  being  tested.  For  routine 
plant  control  tests  5  to  10  minutes  is  sufficient,  though  10  to  30  minutes 
may  be  necessary  for  more  difficult  fine  material.  A  35  lb.  (16  kg.)  sample 
of  coarse  aggregate  typically  requires  5  to  10  minutes  of  screening  to  obtain 
adequate  separation  by  paticle  size.  A  300  to  500  gram  fine  aggregate  test 
portion  requires  8  to  15  minutes. 
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After  completion  of  the  sieving,  the  material  retained  on  each  sieve 
and  in  the  pan  must  be  weighed  to  analyze  the  results.  Mass  determination  is 
done  on  a  balance  calibrated  in  grams  for  the  fine  material  and  in  pounds  (or 
kilograms)  for  larger  samples  of  coarse  aggregate.  Ideally  an  accuracy  of 
0.1  percent  of  the  weight  of  the  test  sample  is  desired.  In  practice  it  is 
sufficient  to  weigh  to  the  nearest  gram  or  the  nearest  0.1  pound  (45  g), 
depending  upon  expected  maximum  size  in  the  sample. 

Since  the  weight  of  each  fraction  is  determined  within  0.1  percent  of 
the  total  sample  weight,  the  maximum  error  for  the  test  should  not  exceed  0.1 
percent  times  the  number  of  weighings.  One  common  practice  is  to  assume  a 
deficiency  of  up  to  a  maximum  of  0.5  percent  in  the  sum  of  the  fraction 
weights  compared  with  the  original  test  sample  weight  to  insure  that  the 
variation  is  within  an  allowable  tolerance.  Otherwise  the  weights  should  be 
checked  for  possible  errors  due  to  spillage,  inaccurate  weighing,  or  blinding 
of  sieve  apertures.  If  the  additive  fraction  weights  are  within  an  accepted 
tolerance,  this  weight,  instead  of  the  original  test  sample  weight  may  be 
used  as  the  total.  Often  the  test  sample  is  not  weighed  prior  to  sieving, 
which  assumes  little  material  is  lost  during  sieving.  Though  this  is  not  a 
recommended  procedure,  it  is  done  as  a  short  cut. 

From  this  broad  account  of  current  gradation  testing  procedures  and 
practices,  it  is  apparent  that  the  sampling  and  testing  requirements  are 
quite  comprehensive.  It  is  important  to  recognize  the  various  problems 
associated  with  gradation  analysis,  and  that  present  analysis  procedures  are 
labor  intensive  and  time  consuming.  Even  with  a  trend  toward  gradation  test- 
ing by  the  aggregate  producer  and  the  use  of  statistical  quality  control  tech- 
niques, the  time-consuming  nature  of  gradation  analysis  may  inhibit  effective 
quality  control  because  the  producer  does  not  know  the  test  results  in  time 
to  initiate  process  changes.  Automatic  tests  at  the  producer  level  have  the 
potential  to  provide  information  which  could  be  used  immediately  to  optimize 
production  output  and  insure  a  quality  aggregate  product.  This  study  inves- 
tigates automatic  gradation  analysis  procedures  which  may,  as  a  long  range 
goal,  eliminate  manual  gradation  analysis  as  it  is  presently  practiced  in  the 
aggregate  industry  and  provide  a  sound  basis  for  product  quality  assurance. 
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3.0  STUDY  METHODOLOGY 

JACA's  approach  to  the  investigation  of  innovative  sizing  techniques 
for  the  aggregate  industry  consisted  of  four  major  tasks: 

Task  A:  To  develop  a  product/system  application  specification 

Task  B:  To  identify  and  analyze  sizing  techniques  currently 
in  use 

Task  C:  To  adapt  or  modify  techniques  suitable  for  aggregate 

Task  D:  To  describe  the  equipment  potentially  suitable  for  aggregate 
gradation  analysis. 

Task  A,  the  development  of  the  Product  Application  Specification,  iden- 
tifies the  requirements  any  innovative  technique  should  meet  to  be  applicable 
to  the  aggregate  industry.  The  specification  was  developed  early  in  the  study 
because  it  was  the  ideal  standard  against  which  all  subsequently  identified 
techniques  were  evaluated.  Section  4.0  of  this  report,  which  is  devoted  entirely 
to  the  details  of  and  reasoning  behind  the  Product  Application  Specification, 
is  included  because  the  technique  evaluations  which  appear  later  in  this 
report  are  based  on  these  specifications. 

Tasks  B,  C,  and  D,  the  identification,  adaptation,  and  description  of 
potentially  applicable  sizing  techniques,  are  so  interrelated  that  it  is  not 
practical  to  discuss  them  separately.  To  evaluate  a  technique  identified  in 
Task  B,  it  was  necessary  to  consider  the  limitations  of  that  technique,  which 
suggested  necessary  modifications  and  equipment  descriptions  that  are   tech- 
nically part  of  Tasks  C  and  D.  Therefore,  the  study  method  presented  here 
is  a  chronological  account  of  how  the  field  of  investigation  was  narrowed 
to  the  two  innovative  techniques  recommended  in  the  conclusion  of  this 
report. 

3.1  The  Advisory  Committee 

At  the  initiation  of  this  study,  an  Advisory  Committee  composed  of  ten 
members  representing  various  interests  in  the  fields  of  particle  sizing  and 
aggregate  production  and  use  was  established.  Members  represented  ASTM 
Committee  E-29  on  Particle  Size  Measurement,  state  highway  departments, 
private  contractors,  and  national  organizations  such  as  the  National  Slag 
Association,  National  Asphalt  Pavement  Association,  National  Sand  and  Gravel 
Association,  and  National  Crushed  Stone  Association.  Committee  members  were 
selected  by  JACA  and  approved  by  the  FHWA.  Appendix  A  contains  a  complete 
list  of  committee  members  and  their  respective  affiliations. 
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The  purpose  of  establishing  an  Advisory  Committee  composed  primarily 
of  individuals  representing  aggregate  producers  and  users  was  to  gain  the 
technical  cooperation  of  the  aggregate  industry  during  the  research  of  inno- 
vative sizing  technologies.  The  Committee  served  as  a  sounding  board  for 
new  ideas  and  reviewed  and  critiqued  various  phases  of  the  project. 

3.2  Development  of  the  Product  Application  Specification 

The  Product  Application  Specification  established  the  performance 
description  of  an  automatic  gradation  device  and  delineated  economic  and 
practical  operational  constraints  that  would  enhance  the  utility  of  the 
device  for  use  in  the  aggregate  industry.  To  determine  these  economic  and 
technical  constraints,  information  on  plant  characteristics  such  as  types  of 
material  produced,  production  volumes,  plant  designs,  types  of  products,  etc. 
was  obtained  from  the  Bureau  of  Mines  1975  Minerals  Year  Book,  plant  surveys, 
and  manufacturer's  equipment  brochures.  The  late  Mr.  William  A.  Rundquist 
(former  technical  editor  and  contributing  author  for  Pit  and  Quarry  Publi- 
cations) served  as  JACA's  consultant  during  work  on  this  task,  and  provided 
information  on  plant  design,  layout,  space  and  practical  limitations  which 
bear  on  the  aggregate  sizing  problem.  Aggregate  sampling  and  analysis 
requirements  were  developed  with  the  intent  of  simulating  the  results  of  the 
test  sieving  procedure  as  presently  prescribed.  Various  problems  associated 
with  present  testing  procedures  result  in  an  ineffective  quality  assurance 
process.  Knowledge  of  these  inadequacies  served  as  the  background  for 
establishing  sampling  and  analysis  requirements.  Practical  considerations 
such  as  physical  characteristics  of  the  equipment,  the  ability  to  operate  in 
a  rugged  aggregate  plant  environment,  equipment  cost,  and  operational  and 
maintenance  requirements  were  also  incorporated  into  the  Product  Application 
Specification.  These  practical  considerations  evolved  from  the  analysis  of 
aggregate  production  facilities  and  JACA's  experience  in  working  with  the 
aggregate  industry. 

A  draft  form  of  the  Product  Application  Specification  was  sent  to  the 
members  of  the  Advisory  Committee  and  FHWA  prior  to  a  review  meeting.  Comments 
and  revisions  resulting  from  this  meeting,  as  well  as  written  comments,  were 
incorporated  into  the  final  version  of  the  Product  Application  Specification 
contained  in  Section  4.0.  This  section  also  presents  a  short  explanation  of 
each  item  of  the  specification. 

3.3  Identification,  Selection  and  Adaptation  of  Innovative  Techniques 

A  major  portion  of  this  research  was  devoted  to  the  identification  and 
evaluation  of  sizing  techniques  which  may  be  useful  to  automatic  gradation 
analysis  of  aggregate  materials.  Relevant  sizing  techniques  were  identified 
through  several  information  sources,  which  include  published  literature, 
professional  societies,  equipment  suppliers,  and  patents. 
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Knowledge  Availability  Systems  Center  of  the  University  of  Pittsburgh, 
Pittsburgh,  PA,  was  contracted  to  conduct  a  computerized  literature  search. 
Data  bases  for  this  search  included  NASA,  NTIS,  Engineering  Index,  Chemical 
Abstracts  Condensates,  Comprehensive  Dissertation  Abstracts,  and  Enviroline. 
Initially  a  wide  search  aperture  was  used  to  identify  articles,  research 
reports  or  papers  which  related  to  techniques  for  automatic  or  semi-automatic 
process  control  of  particle  size  gradation.  On  the  order  of  5  million  cita- 
tions and  abstracts  were  searched  by  the  computer,  of  which  421  were  consi- 
dered relevant.  After  a  review  of  relevant  citations,  the  complete  documents 
for  44  of  these  citations  were  secured  for  detailed  review.  This  literature 
search  served  to  identify  documents  relating  to  particle  size  measurements, 
size  distribution  measurements,  size  determination,  size  separation,  instru- 
ments for  particle  size  distribution,  material  handling  and  quality  control. 

Trade  and  professional  associations  concerned  with  processing  granu- 
lated materials  or  products  sized  by  their  physical  dimensions  were  identi- 
fied and  contacted.  Though  many  of  these  associations  and  industries  do  not 
have  the  same  requirements  for  gradation  as  the  aggregate  industry,  it  was 
thought  that  techniques  used  in  handling,  processing,  sampling,  and  size 
measurement  may  be  applicable  to  aggregate  material. 

An  initial  list  of  trade  associations  and  contacts  was  developed  using 
the  current  edition  of  National  Trade  and  Professional  Associations.  In  addi- 
tion, the  Encyclopedia  of  Business  Information  Sources  and  Business  Publica- 
tions Rates  and  Data  were  referenced  to  determine  handbooks  or  periodicals 
which  may  be  devoted  to  the  problem  of  particle  sizing  in  a  particular 
industrial  category. 

A  total  of  50  trade  and  professional  societies  were  contacted  by  tele- 
phone with  varying  degrees  of  success.  Many  of  those  contacted  could  not 
provide  specific  information  or  had  only  a  limited  concern  with  particle 
sizing.  Material  size  analysis  in  other  industries  was  frequently  said  to 
be  accomplished  through  test  sieving  procedures  similar  to  aggregate  grada- 
tion analysis.  Through  these  telephone  conversations  a  limited  number  of 
equipment  manufacturers  for  sizing  or  processing  granular  materials  was 
identified.  As  it  turned  out,  much  of  this  information  was  concerned  with 
equipment  for  sizing  agricultural  products,  e.g.  grains,  fruits  and  vege- 
tables. Each  of  these  equipment  manufacturers  was  contacted  and  informa- 
tion received  on  products. 

Manufacturers  and  suppliers  of  equipment  used  in  the  aggregate  indus- 
try and  various  other  industries  such  as  coal  and  agriculture  were  also 
contacted  by  telephone,  with  follow-up  discussions  and  visits  where  appro- 
priate. These  discussions  provided  data  from  industrial  concerns  processing 
granular  materials  with  emphasis  on  techniques  for  automatic  gradation  of 
their  products. 

The  law  firm  of  Weiser,  Stapler  and  Spivak  was  contracted  to  conduct  a 
patent  search  for  viable  sizing  techniques  and  methodologies.  This  search 
revealed  70  patents  related  to  the  problem  of  particle  sizing,  each  of  which 
was  analyzed  for  applicability  to  aggregate  gradation.  Since  patents  are   not 
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categorized  by  subject,  a  patent  search  does  not  lend  itself  to  a  thorough 
investigation.  Despite  this  limitation,  the  patent  search  identified  numer- 
ous patents  utilizing  mechanical,  acoustical,  electrical,  and  optical  proper- 
ties to  accomplish  particle  sizing  or  separation. 

Several  monthly  periodicals  were  surveyed  on  a  regular  basis  for  new 
product  information  and  to  keep  abreast  of  changes  in  aggregate  production 
and  use.  These  periodicals  included:  Pit  and  Quarry,  Highway  and  Heavy 
Construction,  Chemical  Engineering,  Engineering  and  Mining  Journal,  and  ASTM 
Standardization  News. 

As  techniques  were  identified  through  the  various  sources,  they  were 
reviewed  and  evaluated  to  determine  applicability  to  aggregate  gradation 
analysis.  Candidate  sizing  techniques  were  evaluated  and  ranked  with  respect 
to  the  technical  and  cost  requirements  outlined  in  the  previously  developed 
Product  Application  Specification.  As  much  as  possible,  each  technique  was 
evaluated  to  ascertain  the  following  items:  the  current  application,  range 
of  particle  size  measurement,  theory  of  operation,  physical  characteristics, 
sampling  requirements,  analysis  time,  data  handling,  measurement  accuracy, 
condition  of  material  for  analysis,  relation- to  test  sieving  results,  instal- 
lation requirements,  calibration  requirements,  and  limitations.  This  analy- 
sis procedure  resulted  in  a  three  phase  process  of  elimination  intended  to 
discard  inappropriate  techniques  and  retain  the  most  promising  sizing  tech- 
niques for  more  detailed  analysis  and  eventual  conceptual  design  work. 

Of  the  total  of  126  candidate  sizing  techniques  identified,  81  tech- 
niques were  obviously  not  suited  to  sizing  aggregate  material  for  quality 
assurance  purposes.  Reasons  for  rejecting  these  candidate  techniques  varied 
considerably,  and  are  discussed  in  Section  5.3. 

Following  the  initial  assessment  of  particle  sizing  methodologies, 
brief  descriptions  of  the  remaining  45  techniques  were  drafted  and  forwarded 
to  the  Advisory  Committee  members.  This  listing  included  a  wide  spectrum  of 
sizing  techniques  to  indicate  the  variety  of  information  which  had  been  col- 
lected. After  discussion  of  these  remaining  45  techniques  with  the  Advisory 
Committee,  18  techniques  were  immediately  rejected,  22  were  considered  mar- 
ginal in  their  applicability  to  aggregate  sizing,  and  5  were  considered 
acceptable  for  detailed  study.  Detailed  study  of  these  five  techniques 
included  evaluation  of  the  basic  sizing  or  separating  principle  and  recom- 
mendations for  modifications  necessary  to  make  each  technique  a  practical 
aggregate  gradation  analysis  system.  An  additional  technique  was  identified 
subsequent  to  the  committee  meeting  which  brought  the  total  number  to  be 
studied  in  greater  detail  to  six.  These  potential  techniques  were: 

•  Optical  array  imaging 

•  Hydrocyclones  with  nuclear  sensing 

o    Air  table  (specific  gravity  separator) 

•  Trommels  (cylindrical  rotating  screens) 
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•  Vidicon  particle  counting  and  measuring  system 

•  Optical  shadowing  technique 

Each  of  these  sizing  techniques  is  discussed  in  detail  in  later 
sections  of  this  report.  It  should  be  noted  that  each  of  these  six  sizing 
methodologies  does  not  meet  all  of  the  requirements  set  forth  in  the  Product 
Application  Specification.  Earlier  in  this  study,  it  was  thought  that  a 
system  which  combines  the  sizing  principles  of  two  techniques  might  be 
developed.  This  concept  became  less  attractive  when  the  problems  of  con- 
structing size  distributions  from  measurements  made  by  two  different  sizing 
principles  and  the  complexity  of  such  a  composite  measuring  system  became 
evident. 

After  considering  the  necessary  modifications  to  equipment  and  inherent 
limitations  of  the  sizing  principles  of  the  remaining  six  sizing  techniques, 
the  field  of  candidates  was  narrowed  to  two  prior  to  the  final  design  phase 
of  this  project.  Simple  laboratory  experiments  and  conversations  with  numer- 
ous equipment  manufacturers  aided  in  making  the  decision  to  eliminate  the 
other  four  techniques.  This  aspect  of  the  study  is  presented  in  Section  6.0 
of  the  report,  and  will  not  be  duplicated  here.  The  final  Advisory  Committee 
meeting  was  conducted  after  JACA  completed  an  analysis  of  modifications  re- 
quired for  the  two  suitable  techniques.  The  purpose  of  this  meeting  was  to 
elicit  committee  ideas  to  guide  the  final  phase  of  the  project. 

With  the  concurrence  of  the  Advisory  Committee  and  FHWA  representa- 
tives, the  final  design  work  was  devoted  entirely  to  the  vidicon  system  and 
the  optical  shadowing  technique.  Final  effort  involved  describing  system 
components  and  layout,  operating  principles,  and  scientific  principles 
involved  in  the  measurement  scheme.  Estimates  of  system  reliability  were 
obtained  through  mean  time  between  failure  and  mean  time  to  repair  analyses. 
In  addition,  estimates  were  developed  for  installation,  operational  and 
maintenance  costs.  The  resulting  system  concepts  do  not  meet  the  optimum 
technical  and  cost  requirements  set  forth  in  the  Product  Application  Speci- 
fications, but  outline  the  feasibility  of  a  workable  automatic  aggregate 
gradation  device.  A  complete  account  of  the  final  conceputal  design  phase 
of  this  project  is  contained  in  Sections  7.0  and  8.0. 

For  the  purpose  of  clarification,  Table  1  is  presented  to  delineate 
the  various  stages  of  the  identification  and  selection  process  used  in  this 
study. 
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Table  1 


IDENTIFICATION  AND  SELECTION  OF  INNOVATIVE  TECHNIQUES 


Step  1 


Literature  Search 
Patent  Search 

Trade  Association  Contacts 
Manufacturers  of  Equipment 


126  techniques  identified 


Step  2 


Analysis  of  Limitations 
for  Purpose  at  Hand 


45  techniques 


Step  3 


Advisory  Committee  review 
Further  search 


28  techniques  remained: 
22  "marginal" 
6  identified  for  further 
study 


Step  4 


More  Rigorous  Analysis  of 
Applicability 


2  most  suitable  selected 
for  inclusion  in  report 


Step  5 


Adaptation 
Modification 
Reliability  Analysis 
Cost  Analysis 
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4.0    PRODUCT  APPLICATION  SPECIFICATION 


The  purpose  of  this  Product  Application  Specification  is  to  set  forth 
the  performance  description  of  an  automatic  testing  device  to  be  installed  at 
aggregate  production  facilities  which  will  grade  aggregate  by  particle  size 
from  minus  200  mesh  (0.075  mm)  to  4  inches  (100  mm)  with  the  sum  of  sampling 
and  measurement  error  meeting  or  surpassing  the  presently  prescribed  test 
methods.  It  is  a  further^ purpose  to  describe  practical  operational  con- 
straints that  will  enhance  the  utility  of  the  device  for  a  variety  of  plant 
sizes,  processes,  products  and  use  economics. 

The  interrelationship  within  the  aggregate  producer  and  user  chain, 
presented  in  Section  2.0  of  this  report,  indicates  the  necessity  to  establish 
this  technical  and  cost  use  specification  based  on  industry  practices  and 
likely  economic  justification.  Several  important  facts  are   pertinent  in  this 
regard. 

1.  States  vary   widely  in  respect  to  many  practices  in  gradation 
testing.  Table  2  shows  data  compiled  from  a  1977  survey  of 
various  state  highway  departments  conducted  by  Region  10  of  FHWA 
(Richardson,  et  al . ,  1977).  The  variation  in  gradation  testing 
practices  is  indicated  by  all  entries  in  the  table  except  F  and 
to  a  lesser  extent  B. 

2.  There  is  no  universal  sampling  technique  in  use.  Sampling  is 
sporadic  as  to  location,  sampling  technique,  sample  weight  and 
frequency  of  sampling. 

3.  There  is  much  better  agreement  on  sieve  analysis  techniques 
once  the  sample  has  been  obtained. 

4.  Particle  segregation  will  cause  differences  in  sieve  analysis 
results  of  identical  aggregate  mixes  depending  on  where  the 
sample  is  taken  (process  stream,  stockpile,  or  in-situ  at  the 
job  site). 

5.  Practically  no  automatic  gradation  is  being  done  in  stone  and 
sand  and  gravel  operations.  Automatic  gradation  includes  sample 
gathering,  sizing,  and  weighing  for  record  in  one  automatic 
process.  In  Pennsylvania,  the  leading  crushed  stone  state, 
there  are  no  known  installations  using  automatic  gradation 
equipment.  The  only  known  applications  of  automatic  gradation 
equipment  are  at  the  sintering  operation  of  Bethlehem  Steel  in 
Sparrows  Point,  MD  and  at  a  high  capacity  barge  loading  facility 
in  Marblehead,  Ohio.  The  equipment  it  both  of  these  installa- 
tions simulates  the  sieving  procedure,  serves  unique  operations 
and  would  not  be  economically  suitable  for  a  vast  number  of 
aggregate  producers. 
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6.  Automatic  sampling  devices  are  available,  although  not  used 
extensively,  to  develop  composite  samples  which  are  more  fre- 
quently analyzed  off-line. 

7.  The  aggregate  producer  and  user  industry  is  quite  broad  in  num- 
ber of  companies  and  process  operations  so  that  several  system 
approaches  may  be  appropriate,  or  perhaps  a  modular  design  if 
that  is  more  cost  effective. 

Based  on  all  of  the  above  the  first  step  in  this  study  was  to  develop 
the  Product  Application  Specification  for  an  automatic  gradation  device  to  be 
used  at  aggregate  production  facilities.  This  specification  facilitated  the 
process  of  eliminating  candidate  analysis  techniques  which  did  not,  and  could 
not  with  reasonable  modification,  meet  the  need.  Thus,  the  modification 
effort  was  concentrated  on  those  techniques  that  had  the  potential  for 
widespread  use  because  of  their  fit  to  economic  and  technical  realities. 

It  should  be  noted  that  the  goals  outlined  in  this  specification  were 
developed  as  one  of  the  first  steps  in  the  project  without  a  preconceived 
idea  of  the  nature  of  the  gradation  analysis  techniques.  Information  had  not 
yet  been  accumulated  as  to  the  availability  and  operating  principles  of  par- 
ticle sizing  devices  which  may  have  been  used  for  various  industrial  applica- 
tions or  scientific  research  studies.  Because  of  this  fact,  JACA  did  not 
expect  that  all  of  the  design  goals  would  be  met  through  any  one  analysis 
technique.  Instead,  it  was  anticipated  that  modifications  and  combinations 
of  techniques  might  be  necessary  to  arrive  at  a  potentially  workable  system 
design. 

The  specification,  as  outlined  and  discussed  in  the  remainder  of  this 
section  consists  of  the  following  parts: 

4.1  Plant  Coverage 

4.2  Sampling 

4.3  Measurement  or  Analysis 

4.4  Physical  Characteristics 

4.5  Annualized  Cost 

4.6  Operation  and  Maintenance 
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4.1    Plant  Coverage 

The  automatic  aggregate  gradation  equipment  should  be  technically  and 
economically  applicable  to  plants  with  the  following  characteristics: 

4.1.1  Standard  Industrial  Classification  of  Plants 


The  aggregate  plants  are  those  that  produce  crushed  and 
broken  limestone  (SIC  1422),  crushed  and  broken  granite 
(SIC  1423),  other  crushed  and  broken  stone  (SIC  1428), 
and  construction  sand  and  gravel  (SIC  1442). 

The  economic  statistical  data  compiled  by  government  agencies  that  may 
be  used  in  conjunction  with  this  study  are  compiled  by  Standard  Industrial 
Classification.  It  is  therefore  necessary  to  specify  the  classes  that  will 
be  considered  in  this  study. 

The  categories  listed  above  constitute  the  vast  majority  of  the  output 
of  the  aggregate  industry.  Industrial  sand  (SIC  1446)  was  not  included,  be- 
cause it  contributes  insignificantly  to  the  tonnage  and  value  of  sand  and 
gravel  produced  in  the  U.S.  and  is  not  directly  applicable  to  the  construc- 
tion industry.  By  specifying  the  above  SIC's,  recycled  materials  that  are 
presently  used  in  any  limited  extent  in  highway  construction  have  been 
excluded. 

According  to  the  Bureau  of  Mines  1975  Minerals  Yearbook,  crushed 
limestone  constituted  74  percent  of  the  total  national  production  of  crushed 
stone,  crushed  granite  10  percent  and  other  crushed  stone  16  percent;  this 
translates  to  70  percent,  11  percent  and  19  percent  of  the  total  dollar  value 
respectively.  Construction  sand  and  gravel  made  up  97  percent  of  the  total 
tonnage  of  sand  and  gravel  produced  in  1975  and  89  percent  of  the  total 
dollar  value.  Crushed  stone  was  used  mainly  for  building  and  road  con- 
struction; seventy-one  percent  of  the  total  production  was  used  as  dense- 
graded  roadbase,  coarse  concrete  aggregate,  cement  aggregate,  bituminous 
aggregate,  and  construction  aggregate  as  roadstone.  Of  the  total  production 
of  construction  sand  and  gravel  in  1975,  48  percent  was  used  in  paving,  25 
percent  in  buildings,  14  percent  as  fill  material,  and  13  percent  for  other 
construction  activities. 
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4.1.2  Production  Volume 


The  equipment  should  be  economically  applicable  to 
aggregate  plants  with  production  capabilities  from 
100,000  tons    (90,800  Mg)   per  year  to  at   least  1,800,000 
tons    (1,630,000  Mg)   per  year.      The  technical   design 
should  be  based  on  hourly  production  figures  of  from 
100  tons   per  hour   (90  Mg  per  hour)   to  2,000  tons   per 
hour   (1,800  Mg  per  hour). 

Both  pricing   (economic  utility)   and  technical   design  of  the  gradation 
equipment  will   be  affected  by  the  plant's  production  volume.     These  aspects 
of  the  project  will   be  discussed  in  greater  detail   below  in  Sections  4.4  and 
4.5. 

Though  the  Bureau  of  Mines  1975  Minerals  Yearbook  shows  that  36.1 
percent  of  the  number  of  construction  sand  and  gravel   operations  and  40 
percent  of  the  number  of  crushed  stone  plants  produce  less  than  25,000 
tons   (22,700  Mg)  of  aggregate  per  year,  these  figures  tend  to  be  misleading. 
These  25,000  TPY   (22,700  Mg  per  year)   figures   represent  quarry  or  pit  sites 
not  plants.     Thus  several   sites  might  be  worked  by  one  portable  plant  or  the 
sites  may  not  be  full  time  operations.     Stone  selling  at  a  nominal    $3.00  per 
ton  f.o.b.   plant   is  unlikely  to  have  a  viable  operation  at  $75,000  gross 
annual    revenue.     Additionally,  the   large  number  of  25,000  TPY   (22,700  Mg  per 
year)  plants  contribute  only  3.5  percent  of  the  total   construction  sand 
and  gravel   production  and  2.0  percent  of  the  crushed  stone  production  in 
terms  of  national   annual   tonnages.     Crushed  stone  plants  with  more  than 
900,000  tons   (817,200  Mg)   of  annual   production  represent  3  percent  of  the 
number  and  29  percent  of  the  total    national   production,  while  construction 
sand  and  gravel   plants  with  annual   capacities  greater  than  1,000,000  tons 
(908,000  Mg)   represent  0.7  percent  of  the  number  of  plants  and  10.1  percent 
of  the  national   production.     Because  of  all   the  foregoing,   100,000  tons 
(90,800  Mg)   per  year  was  chosen  as  being  the  smallest  plant  for  economic 
application  constraints. 

Sampling  requirements  for  the  overall   testing  procedures  will   be 
primarily  dependent  on  the  hourly   production  figures.     These   include  such 
items  as  the  sample  testing  frequency,   sample  size,   and  quantity  of  material 
to  be  tested.     The  consensus  of  the  Advisory  Committee  was  that  a  range  of 
production  rates   from  100  to  2,000  tons   (90  to  1,800  Mg)    per  hour  would  cover 
the  majority  of  aggregate  production  facilities.     At  the  low  end  of  the  scale 
are  portable  plants  producing  one  or  two  types  of  aggregate,  while  at  the 
high  end  are  large  plants  producing  strip  sizes  and  then  blending  to  obtain 
the  desired  end  products^ 
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4.1.3  Plant  Design 


The  gradation  equipment  should  be  adaptable  to  plant 
designs  which  include  any  combination  of  stationary 
plants,  portable  plants,  dry  processing,  and  wet 
processing.  The  following  combinations  of  plant 
characteristics  should  be  considered  in  the  equip- 
ment design. 


Production  Volume 

100,000  TPY  (90,800  Mg  Per  Year)  to 
1,000,000  TPY  (908,000  Mg  Per  Year) 

Portable  Crushed 
Stone  Plant 

dry  processing 

dry  and  wet  processing 

Stationary  Crushed 
Stone  Plant 

dry  processing 

dry  and  wet  processing 

Portable  Sand 
and  Gravel  Plant 

wet  processing 

wet  and  dry  processing 

Stationary  Sand 
and  Gravel  Plant 

wet  processing 

wet  and  dry  processing 

The  utility  of  analyzing  the  preceding  plant  characteristics  is  again 
related  to  the  technical  design  of  the  gradation  equipment.  There  will  be 
variations  associated  with  material  flow  and  handling,  space  limitations, 
operating  environment,  and  number  of  products  as  well  as  the  quantity  of 
product  to  be  tested. 

In  general,  stationary  plants  have  larger  production  capabilities  than 
portable  plants.  Wet  processing  is  primarily  associated  with  sand  and  gravel 
operations,  and  dry  processing  with  crushed  stone  operations.  Additionally, 
the  condition  of  the  pit  or  quarry  material  will  dictate  the  type  of  proces- 
sing required  (e.g.  the  material  may  be  wet  to  begin  with  or  contain  an 
excess  of  deleterious  silt),  as  does  the  desired  end  product.  With  this 
number  of  possible  plant  designs,  a  number  of  aggregate  gradation  equipment 
designs  may  be  necessary  to  handle  these  variations.  Variations  will  also 
occur  within  specific  plant  designs  as  to  the  number  and  configuration  of 
individual  processing  units  (crushers,  screens,  etc.).  One  problem  is 
defining  the  number  and  quantity  of  end  products  that  must  be  tested;  this 
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will  vary  from  plant  to  plant  depending  on  the  market  for  different  products. 
Often  plants  will  supplement  their  operation  with  portable  units  in  order  to 
meet  a  particular  demand  for  a  product.  The  portable  unit  is  subsequently 
removed  when  the  demand  is  met. 


4.1.4   Number  of  Products 


The  maximum  number  of  products  that  the  automatic 
sampling  and  analysis  equipment  should  be  capable 
of  handling  from  any  one  plant  is  8.  The  "specifi- 
cation stone"  produced  at  any  one  plant  will  nomi- 
nally be  no  more  than  5  products. 

The  number  of  sampling  locations  at  any  one  plant  is  determined  by  the 
number  of  different  materials  that  are  being  produced  and  need  to  be  tested. 
Most  plants  visited  during  this  study  process  a  multiplicity  of  products 
which  must  conform  to  specifications  set  forth  by  the  state  highway  depart- 
ments. Sized  aggregate  is  conveyed  from  the  screening  decks  to  storage  areas 
(bins  or  stockpiles)  which  may  be  located  hundreds  of  feet  apart,  thus  estab- 
lishing the  need  for  separate  sampling  devices  at  each  location.  In  some 
cases  (plants  close  to  state  borders),  aggregate  is  processed  to  meet  one 
state's  specifications,  but  must  be  blended  subsequently  or  reprocessed  to 
meet  the  gradation  requirements  of  a  second  state.  This  is  for  the  same 
nominal  maximum  size  aggregate.  In  some  instances,  several  bordering  states, 
for  example,  Pennsylvania,  New  Jersey,  and  Maryland  are   adopting  standardized 
specifications  (e.g.  AASHTO  specifications)  for  certain  types  of  aggregate 
products,  thus  eliminating  this  problem. 

4.2    Sampling 

The  concept  of  sampling  is  defined  as  a  process  by  which  a  specified 
portion  of  the  material  flow  is  removed  for  analysis.  If  properly  obtained, 
the  sample  will,  when  tested,  provide  an  estimate  of  the  quality  of  material 
from  which  it  was  extracted.  Subsequent  items  in  this  section  deal  with 
sampling  procedures  intended  to  provide  as  nearly  as  possible  samples  that 
will  yield  unbiased  estimates  of  the  material  characteristics. 

The  entire  material  flow  could  be  continuously  monitored  for  grada- 
tion, and  thus  no  physical  sample  would  be  extracted.  Though  there  may  be 
continuous  monitoring  techniques  available,  this  will  not  be  discussed  in 
this  section  since  no  material  is  extracted  from  the  process  flow. 
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4.2.1  Sample  Location 


Removal  of  material  for  testing  purposes  should 
be  accomplished  where  material  is  flowing  from 
a  chute  or  belt,  at  the  material  transfer  point 
or  where  material  is  discharged  for  storage. 


The  purpose  of  locating  a  sample  point  where  material  is  flowing  is  to 
minimize  segregation  of  the  aggregate.  The  location  should  be  easily  acces- 
sible for  calibration,  maintenance  and  repair  (See  Section  4.6).  Once  the 
sampling  location  is  chosen  within  a  plant  it  should  not  be  varied.  NCHRP 
Report  No.  34  (Miller-Warden  Associates,  1967)  showed  that  there  is  consi- 
derable variation  in  the  gradation  analysis  of  materials  extracted  at  dif- 
ferent points  in  the  production  scheme  from  crushing  to  the  job  site.  This 
report  shows  that  the  degree  of  overall  variability  (DOV  =  12.0)  and  the 
degree  of  segregation  (D  of  S  =  10.3)  are  relatively  low  when  the  test 
portion  was  drawn  at  the  transfer  belt  to  storage  bins  or  feed  hoppers. 
These  statistics  were  also  low  (DOV  =  11.6  and  D  of  S  =  9.0)  for  test  por- 
tions extracted  at  the  crusher,  screening  unit  or  blending  plant.  Space 
limitations  preclude  sampling  at  the  crusher  or  screening  units,  especially 
in  portable  plants. 


4.2.2  Test  Portion  Weight 


The  quantity  of  material  needed  for  the  analysis 
technique  should  be  at  least  that  specified  by 
ASTM  Designation  C136-76  for  various  maximum 
nominal  size  aggregates: 


Minimum 

Weight  of 

Maximum  Nominal  Size 

Test 

Portion 

of  Aggregate 

lb 

(kg) 

No.  8  (2.36  mm) 

.25 

(.1) 

No.  4  (4.75  mm) 

1.5 

(.5) 

3/8  inch  (9.5  mm) 

5 

(2) 

1/2  inch  (12.5  mm) 

8 

(4) 

3/4  inch  (19.00  mm) 

16 

(8) 

1  inch  (25.0  mm) 

15 

(12) 

1-1/2  inch  (37.5  mm) 

35 

(16) 

2  inch  (50.0  mm) 

45 

(20) 

2-1/2  inch  (63.0  mm) 

55 

(25) 

3  inch  (75.0  mm) 

100 

(45) 

3-1/2  inch  (90.0  mm) 

155 

(70) 
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The  test  portion  weights  recommended  by  ASTM  were  chosen  as  a  starting 
point  in  order  to  gain  some  insight  as  to  the  quantity  of  material  that  must 
be  handled  by  the  sampling  and  testing  equipment.  The  AASHTO  also  recommends 
minimum  test  portion  weights,  and  these  weights  are  slightly  smaller  than  the 
ASTM  designations. 

It  is  realized  that  these  weights  are  geared  toward  the  sieve  analy- 
sis technique,  in  that  with  these  weights  there  is  enough  material  to  permit 
weighing  of  the  material  retained  on  a  sieve  and  at  the  same  time  not  over- 
load any  one  sieve.  (These  weights  may  need  to  be  altered  somewhat  depending 
on  the  size  distribution  of  a  particular  aggregate  mix). 

NCHRP  Report  No.  69  (Hudson,  et  al . ,  1969)  indicates  that  large  errors 
in  the  gradation  analysis  may  occur  if  the  ASTM  test  portion  weights  are 
used.  This  is  due  primarily  to  the  inherent  variability  of  aggregate  mater- 
ial, or  the  random  arrangement  of  individual  particles.  They  recommended 
much  larger  test  portion  weights  so  that  the  percent  passing  a  critical  sieve 
will  be  accurate  to  within  a  certain  percentage  (+_5  percent)  at  the  95  per- 
cent confidence  level.  A  number  of  NCHRP  reports  present  equations  and  a 
nomograph  for  estimating  test  portion  weights  so  that  a  desired  degree  of 
accuracy  may  be  obtained  in  the  gradation  analysis. 

4.2.3  Random  Sampling 

To  obtain  a  sample  of  a  larger  quantity  of  material, 
test  portions  should  be  extracted  on  a  random  basis, 
without  bias. 


A  prime  consideration  in  any  sampling  scheme  is  that  the  sample  should 
truly  represent  the  distribution  characteristics  of  the  lot  of  material  from 
which  it  was  taken.  A  lot  is  any  well  defined  and  isolated  quantity  of  ma- 
terial from  a  single  source  or  a  measured  amount  of  production  assumed  to  be 
produced  by  the  same  process. 

In  this  context,  lots  would  be  in  terms  of  tons  of  aggregate  or  daily 
production,  thus  based  on  the  production  capabilities  of  individual  plants. 
Random  sampling  is  best  achieved  by  the  use  of  random  number  tables.  Mechan- 
ical randomizing  devices  are  available,  but  ASTM  (Designation  E105-58)  holds 
that  mechanical  randomizing  devices  lead  to  biases  and  are  not  recommended  as 
standard  tools. 

In  this  case  a  sample  may  be  defined  as  a  small  portion  of  a  lot  that 
is  intended  to  represent  that  quantity  of  material.  The  sample  is  made  up  of 
a  number  of  test  portions  chosen  randomly  from  the  lot.  The  number  of  test 
portions  is  dependent  on  the  desired  practical  accuracy  of  the  gradation 
estimate. 
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4.2.4  Test  Portion  Preparation 


The  test  portion  should  be  prepared  to  be  com- 
patible with  the  principle  of  operation  of  the 
technique  to  be  applied  and  may  be  obtained 
from  a  larger  "gross  sample"  by  splitting 
with  a  suitable  device. 


It  is  the  current  practice  in  aggregate  gradation  analysis  to  dry  the 
material  to  a  constant  weight  prior  to  analysis.  According  to  an  April,  1977 
report  prepared  for  the  FHWA  (Richardson,  et  al . ,  1977),  the  vast  majority  of 
state  highway  departments  dry  the  test  portions  prior  to  analysis.  ASTM  and 
AASHTO  both  recommend  this  practice.  Other  reporting  state  highway  agencies 
use  short  cut  or  alternate  practices  of  sample  preparation.  To  obtain  ade- 
quate separation  of  particles  (i.e.  eliminating  agglomeration  of  fine  parti- 
cles), it  appears  that  drying  would  be  necessary  if  dry  analysis  techniques 
are  used.  Drying  may  be  accelerated,  possibly  at  elevated  temperatures,  by 
IR  radiation  or  microwave  radiation  as  long  as  the  integrity  of  the  particles 
is  maintained.  However,  wet  test  methods  may  be  applicable  that  will  preclude 
the  drying  process.  The  acceptability  of  short-cut  methods  is  not  determinable 
at  this  time.  The  subject  of  drying  is  one  of  the  most  questionable  aspects 
of  the  gradation  analysis  scheme,  and  should  receive  considerable  attention. 

Traditionally,  ASTM  (D75-71)  and  AASHTO  (T2-68)  recommend  weights  of 
"field  samples"  or  "gross  samples"  which  are  subsequently  split  or  reduced 
to  the  desired  test  portion  weight.  The  quantity  of  aggregate  specified  is 
intended  to  represent  the  material  from  which  the  sample  was  taken  and  pro- 
vide enough  material  for  a  number  of  tests.  Since  the  purpose  of  the  split- 
ting operation  is  merely  to  reduce  a  "gross  sample"  to  a  suitable  size  for 
gradation  analysis  while  retaining  the  integrity  of  the  original  sample's 
size  distribution,  it  is  not  apparent  that  splitting  or  obtaining  a  "gross 
sample"  larger  than  the  required  test  portion  weight  is  necessary.  If  an 
adequate  test  portion  weight  were  extracted  and  the  entire  portion  analyzed, 
the  "gross  sample"  step  could  be  eliminated,  as  well  as  the  need  for  dis- 
posing of  or  returning  to  the  process  stream  more  material  than  is  neces- 
sary. Reduction  of  a  quantity  of  material  to  the  desired  test  portion 
weight  is  a  simple  process  and  does  not  appear  to  present  a  problem. 

4.2.5  Frequency  of  Extracting  Test  Portions 

Ideally,  thirty  test  portions  should  be  sub- 
jected to  analysis  from  each  lot  of  aggregate. 
A  lot  will  be  defined  as  either  a  specified 
quantity  of  material  (e.g.,  tons)  or  a  speci- 
fied time  period  during  the  production  sequence. 
In  either  case,  the  lot  size  should  be  estab- 
lished prior  to  sampling  and  analysis,  based 
on  practical  considerations  such  as  production 
rate,  analysis  time,  and  analysis  costs. 
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The  selection  of  30  test  portions  for  observation  arises  from  a  desire 
to  use  the  normal  probability  distribution  as  a  basis  for  the  analysis.  If 
the  sample  size  is  30  or  more,  the  sampling  distribution  of  the  mean  can  be 
assumed  to  be  normally  distributed  regardless  of  the  distribution  of  the 
population  from  which  the  sample  was  drawn  and  in  spite  of  a  lack  of  know- 
ledge of  the  population  standard  deviation.  If  fewer  than  30  observations 
were  employed  and  the  population  standard  deviation  is  unknown  the  "t"  dis- 
tribution is  the  appropriate  distribution  if  it  is  reasonable  to  assume  that 
the  underlying  population  is  normally  distributed, 
sample  sizes  yield  higher  sampling  (random)  errors 
difference  between  the  means  of  particular  samples 

ulation  from  which  these  samples  are  drawn.  The  sampling  (random)  errors 
arise  from  differences  between  the  values  calculated  from  samples  and  the 
corresponding  population  value  (sample  means  and  the  corresponding  popula- 
tion mean)  using  the  same  measurement  procedures  and  instruments. 

In  the  case  of  large  sample  sizes  (n  _>  30)  the  sampling  (random)  error 
is  given  by: 


Furthermore,  smaller 
which  we  defined  as  the 
and  the  mean  of  the  pop- 


(1) 


E  _<  Z 
where 
E   = 


(y*o 


=  Sampling  (random)  error  as  defined  above 

=  Distributional  coefficient  based  on  the  sample  size 

and  the  desired  confidence  coefficient 
=  Standard  deviation  of  the  percentages  in  the  test 

portions  (sample  standard  deviation) 
=  Sample  size 


When  the  sample  size  is  small  (n  _<  30),  the  appropriate  formula  is 
given  by: 


(2)    El  t  (Sp/,/n) 
where 
t  =  Distributional  coefficient  based  on  the  sample  size  and 

desired  confidence  coefficient 
and  all  other  variables  are  defined  as  in  (1). 


the 


For  illustrative  purposes  assume  that  a  sample  of  30  observations 
yields  a  sample  standard  deviation  of  5  percent.  If  the  desired  confidence 
coefficient  is  95  percent,  the  sampling  (random)  error  would  be: 

(la)   E  <  1.96  (.05/y/50)  <  .018 
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If  a  sample  of  15  observations  yields  a  sample  standard  deviation  of 
5  percent  and  the  confidence  coefficient  remains  at  95  percent,  the  sampling 
(random)  error  would  be: 

(2a)   E  <   2.145  (.05/^IF)  _<  .028 

where  the  2.145  represents  t.Q5  with  14  degrees  of  freedom. 

The  reduction  in  sample  size  from  30  to  15  increases  the  size  of  the 
sampling  (random)  error  by  56  percent.  Similar  increases  in  the  sampling 
(random)  error  are  experienced  for  different  values  of  the  sample  standard 
deviation  when  the  confidence  coefficient  remains  at  95  percent.  The  sub- 
stantial increase  in  the  sampling  (random)  error  that  is  observed  when  the 
sample  size  falls  below  30  can  be  attributed  to  the  dual  effects  of  (1) 
moving  from  the  normal  to  the  "t"  distribution;  and  (2)  the  reduction  of 
n  in  the  denominator,  the  latter  effect  being  the  more  significant  of  the 
two. 

In  prescribing  the  ultimate  sampling  plan  there  will  be  a  trade-off 
between  the  sampling  accuracy  required  at  the  desired  confidence  coefficient 
and  practical  considerations  such  as  analysis  time  and  cost.  The  quality  of 
a  lot  of  aggregate  would  then  be  determined  from  a  large  number  of  aggregate 
gradation  tests.  The  acceptance  or  rejection  of  the  lot  of  material  would  be 
based  on  this  analysis. 

This  sampling  plan  would  also  be  of  use  to  the  plant  operator,  since 
he  would  learn  through  experience  that  if  a  number  of  gradation  tests  fall 
out  of  the  limits  of  the  specifications  then  there  is  a  problem  with  the 
operation.  In  essence,  a  control  chart  or  a  system  of  moving  averages  could 
be  established  which  would  indicate  trends  in  material  quality.  It  would  not 
be  advisable  to  make  inferences  about  the  quality  of  the  product  from  one 
gradation  test,  but  if  one  were  to  see  that  five  or  six  tests  are  out  of 
specification  then  one  might  assume  that  there  is  a  process  problem.  This 
decision  would  be  based  on  past  experience  and  knowledge  of  the  production 
process. 

4.3   Measurement  or  Analysis 

4.3.1  Aggregate  Size  Range 

The  analysis  techniques  should  be  applicable 
to  material  in  the  size  range  from  4  inches 
(100  mm)  to  200  mesh  (0.075  mm).  It  is  per- 
missible to  utilize  more  than  one  analysis 
device  to  cover  this  range. 
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This  range  covers  the  range  of  gradation  specification  limits  set  by 
most  state  highway  departments,  i.e.  the  common  aggregate  size  range  encoun- 
tered in  the  industry.  In  addition,  this  is  the  size  range  set  forth  by  the 
contract  scope  of  work. 

The  dynamic  range  of  a  particle  sizing  device  for  this  application 
must  cover  at  least  four  orders  of  magnitude;  this  represents  one  of  the 
major  problem  areas  in  this  study.  The  problem  is  further  compounded  by  the 
fact  that  the  resulting  size  distribution  must  be  represented  in  terms  of 
weight  percentage  passing  a  certain  size.  If  an  analysis  technique  is 
used  which  accummulates  size  distribution  data  based  on  particle  number  (as 
opposed  to  mass),  the  resulting  distribution  must  be  converted  to  a  mass 
distribution.  This  means  that  the  lower  detection  limit  must  be  extended 
well  below  the  minimum  of  0.075  mm  to  include  the  majority  of  the  mass. 
These  problems  will  be  discussed  in  more  detail  in  Section  5.0. 


4.3.2  Gradation  Measurement  Error 


The  analysis  technique  should  be  capable  of 
determining  the  weight  percent  of  proportion 
in  the  distribution  to  within  ±  16  percent 
in  the  size  range  from  0.075  mm  to  1  mm  and 
±  10  percent  in  the  size  range  from  1  mm  to 
100  mm.  This  error  may  be  adjusted  by  trade- 
offs with  the  sampling  error  providing  the 
total  error  is  not  compromised. 

The  preceding  limits  on  measurement  technique  were  established  as  a 
standard  on  which  candidate  techniques  may  be  evaluated. 

These  errors  reflect  the  permissible  variations  of  average  openings 
from  the  standard  sieve  designation,  as  established  by  ASTM  designation  Ell, 
and  established  weighing  tolerances.  The  permissible  variations  are   from 
±  3  percent  on  the  100  mm  sieve  opening  to  ±  3.81  percent  on  the  1.18  mm 
opening  and  from  ±  4  percent  on  the  1.00  mm  opening  to  ±  6.67  percent  on  the 
75  ym  sieve  opening.  Since  particles  are   sized  according  to  the  size  of  the 
sieve  apertures  these  percentages  are  a  fundamental  measure  of  the  accuracy 
with  which  the  measurement  can  be  made.  For  this  discussion,  the  average 
values  of  the  errors  in  the  preceeding  size  ranges  have  been  utilized, 
i.e.,  ±  3.4  percent  for  1.18-100  mm  and  ±  5.3  percent  for  1.0  mm  and  less. 

Additionally  there  is  the  problem  of  particle  orientation  on  the 
sieve.  This  is  considered  in  ASTM's  Manual  on  Test  Sieving,  STP  447A, 
Section  8.9  (1972),  which  lists  a  satisfactory  end  point  as  that  point  at 
which  additional  shaking  fails  to  change  the  weight  on  any  of  the  sieves  by 
more  than  1  percent. 
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The  error  permitted  in  weighing  specified  in  STP  447A,  Section  11 
(1972)  requires  that  the  maximum  weighing  error  shall  not  exceed  .1  percent 
of  the  test  portion  weight  times  the  number  of  weighings  (number  of  sieves). 
If  it  is  assumed  that  the  smallest  number  of  weighings  is  five,  this  error  is 
.5  percent  of  the  total  test  portion  weight.  The  total  measurement  error  is 
given  by: 


ET  =/e 


I2  +  E22  +  E32  +   •••   +  En2 


where  Ej  is  the  total   measurement  error  and  E\t  E2,...,En  are  the 
errors  involved  with  the  individual   operations  associated  with  the  measurement, 
which  in  this  case  is,  for  the  largest  particles: 

ET  =  y/(3  x  3.4)2  +  (l)2  +  (0.5)2  * 
Ej  =  jt  10.26  percent 

and  for  the  smaller  particles: 

ET  =v/(3  x  5.3)2  +  (l)2  +  (0.5)2 
Ej  =    ±  15.94  percent 

The  total   error  is  the  sum  of  the  sampling  error  and  the  measurement 
error.     It  is  therefore  possible  to  trade-off  between  these  two  errors  in 
meeting  the  total   error  requirement.     Because  of  the  automatic  nature  of  the 
gradation  system  to  be  developed,  it  can  be  expected  that  many  more  samples 
will   be  taken  so  that  the  sampling  error  should  be  much  less  than  present 
practice  in  accordance  with  the  formula   (From  Section  4.2.5): 


E95  <  1.96  [|(p 


where  E95  is  the  sampling  (random)  error  at  the  95  percent  confidence 
coefficient,  3p  is  the  standard  deviation  of  the  individual  observations  and 
n  is  the  number  of  observations.  The  error  for  any  value  of  Op  is  inversely 
proportional  to  \Zn".  Thus  if  the  number  of  samples  that  are  presently  used  in 
the  manual  tests  is  quadrupled,  the  sampling  error  will  be  cut  in  half,  the 
measurement  error  could  double,  and  the  overall  error  would  still  be  the 
same. 


*Note:  the  permissible  variation  of  the  sieve  aperture  (i.e.,  the  first  item 
in  the  radical)  was  multiplied  by  3  because  the  measurement  error  may  result 
in  three  dimensions. 
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4.3.3  Analysis  Response  Time 

The  results  of  the  individual  sample  analysis 
scheme  should  be  available  every  twenty  minutes 
during  the  production  shift.  This  response  time 
includes  the  collection  of  test  portions,  execu- 
tion of  the  tests,  and  display  of  the  results. 

The  purpose  of  the  automatic  gradation  equipment  is  to  exert  positive 
quality  control  on  the  aggregate  process  and  in  addition,  optimize  production 
of  the  specified  aggregate  sizes.  The  preceeding  response  time  was  deter- 
mined as  one  that  will  provide  sufficiently  current  information  to  the  con- 
sumer (highway  departments)  so  that  a  decision  can  be  made  on  the  acceptance 
of  a  quantity  of  aggregate.  Results  of  individual  gradation  tests  will  pro- 
vide information  to  a  plant  operator  to  effect  corrective  actions  on  any  out 
of  specification  product.  A  decision  to  initiate  corrective  measures  would 
be  based  on  past  experiences  at  a  particular  installation. 

The  time  element  associated  with  gradation  analysis  by  sieving  can  be 
quite  long.  Analysis  time  depends  to  a  large  extent  on  the  initial  condition 
of  the  aggregate  ana  the  gradation  requirements.  If  the  gradation  test  is 
done  on  the  job  site,  some  coarse  graded  aggregates  such  as  Pa.  IB  and  26 
may  be  analyzed  without  drying;  the  gradation  results  may  be  completed  within 
two  hours.  However,  long  graded  aggregates,  which  require  a  wash  test,  must 
be  dried  overnight  and  the  test  is  not  completed  until  the  next  day.  The 
gradation  analysis  results  of  samples  sent  to  a  central  testing  laboratory 
may  not  be  realized  for  a  number  of  weeks. 

A  large  portion  of  the  time  required  for  gradation  testing  is  associ- 
ated with  drying  the  aggregate.  The  test  may  require  8  hour's  time  depending 
primarily  on  the  weight  of  the  test  portion  and  method  of  drying.  Region  10 
of  FHWA  (Richardson  et  al . ,  1977)  relates  that  it  takes  a  55  lb.  (25  kg) 
sample  at  5.4  percent  moisture  5.5  hours  to  dry  in  a  forced  air  oven  at 
230°  (110°C).  This  method  of  drying  is  recommended  by  ASTM.  A  55  lb.  (25  kg) 
sample  at  6.3  percent  moisture  dries  in  3.5  hours  under  a  600°  (320°C)  infra- 
red heater.  However,  in  most  cases  an  11  to  15  lb.  (5  to  7  kg)  sample  of 
coarse  aggregate  may  be  dried  at  400°F  (200°C)  plus  in  one  hour  or  less.  A 
500  to  700  gram  sample  of  No.  4  minus  material  dries  in  approximately  20 
minutes.  There  is  also  additional  time  associated  with  the  shaking  (typi- 
cally 5-30  minutes)  and  the  weighing  procedures. 

4.3.4  Parametric  Representation 

The  particle  measurement  technique  must  produce 
results  that  can  be  compared  with  the  results  of 
the  existing  sieving  technique  on  a  case  by  case 
basis.  After  the  initial  period  of  comparisons, 
quality  control  decisions  may  be  made  on  the  basis 
of  results  provided  by  the  innovative  techniques. 
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It  is  necessary  that  the  results  of  the  gradation  analysis  be  relat- 
able  to  present  state  highway  agencies'  specifications  and  practices.  These 
practices  have  evolved  around  the  technique  of  sieving  which  measures  a  par- 
ticle's second  longest  dimension,  if  the  particle  is  viewed  as  a  rectangular 
prism.  Particles  are  oriented  with  respect  to  the  sieve  aperture  by  shaking 
so  that  the  shortest  two  dimensions  are  presented  which  can  pass  through  the 
sieve  opening.  The  particle  is  sized  according  to  the  longer  of  these  two 
dimensions,  thus  the  second  longest  dimension  of  the  three.  For  example,  a 
0.5  inch  x  1  inch  x  2  inch  (12.7  mrn  x  25.4  mm  x  50.8  mm)  particle  would  be 
sized  as  a  1  inch  (25.4  mm)  particle;  it  would  probably  be  retained  on  a 
1  inch  (25.4  mm)  square  aperture  sieve  and  pass  the  1.5  inch  (38  mm)  sieve. 
If  an  alternate  analysis  technique  were  used,  in  which  a  parameter  such  as 
the  particle's  volume  were  measured,  it  would  be  difficult  to  translate  this 
volume  to  an  actual  shape  characteristic.  It  is  anticipated  that  the  results 
of  alternate  sizing  techniques  can  be  compared  to  test  sieving  results 
through  experimentation  so  that  a  parametric  relationship  between  the  two 
size  measurements  can  be  established. 


4.4    Physical  Characteristics 
4.4.1  Dimensions 


The  exact  physical  dimensions  of  the  equipment  are 
not  determinable  at  this  time,  but  they  should  be 
compatible  with  the  mounting  requirements  presented 
in  Section  4.4.2. 


The  configuration  of  the  device  will  be  dictated  by  the  specific  mater- 
ial to  be  sampled,  space  limitations  at  individual  plants,  and  the  analysis 
location.  With  a  bulk  density  of  stone  (as  piled)  of  about  85  lb/ft^  (1.36 
gm/  cm3),  a  155  lb.  (70  Kg)  sample  (the  largest  test  portion  size)  would 
occupy  a  volume  of  1.82  ft^  (51,542  cm^)  or  a  cube  of  about  1.25  feet  (38.1  cm) 
on  a  side;  a  0.25  lb.  (100  gm)  test  portion  would  occupy  a  volume  of  0.0026 
ft3  (73.5  cm^)  or  0.14  ft  (4.19  cm)  on  the  side  of  an  equivalent  cube.  Obvi- 
ously, this  is  a  very   gross  estimate  of  the  volume  of  material  which  must  be 
handled;  but,  it  does  indicate  the  range  of  material  handling  requirements. 
It  is  anticipated  that  a  surge  bin  will  be  needed  if  samples  are  extracted 
from  the  product  flow. 

If  material  is  sampled  at  the  end  of  the  product  conveyor  belt,  the 
plant  configuration  and  space  limitations  at  this  point  will  affect  the 
possible  size  of  the  device.  For  example  at  some  plants  the  material  is 
discharged  to  sheltered  bins  and  where  mounting  space  is  limited  to  the 
available  space  within  the  bin  unless  the  material  is  diverted  from  the 
bin;  other  plants  discharge  directly  to  a  stockpile  and  no  space  limita- 
tions exist.  Because  of  the  various  configurations  of  aggregate  plants, 
the  space  problem  must  be  addressed  on  a  case-by-case  basis. 
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4.4.2  Mounting 

Mounting  should  be  such  that  no  special  ground 
support  structure  is  needed.  The  sample  gathering 
device  (should  it  be  required)  will  be  mounted  on 
the  conveyor  structure,  or  storage  bins  or  in  or 
on  other  existing  structures.  The  measuring  device 
will  be  similarly  mounted  or  ground  mounted  should 
several  sample  gathering  devices  run  to  one  measur- 
ing head. 

In  order  to  facilitate  removal  for  transport  at  portable  plants  and 
minimize  installation  costs,  a  sophisticated  support  structure  is  not  appro- 
priate and  adds  to  the  installation  costs.  Additionally,  the  mounting  should 
be  such  that  it  does  not  interfere  with  the  process.  For  instance,  it  is  not 
possible  to  attach  the  analysis  or  sampling  device  to  the  screens.  Anything 
attached  to  or  touching  the  screening  unit  would  obviously  be  subjected  to 
severe  vibrations,  but  more  importantly  the  weight  would  cause  the  screening 
units  to  become  unbalanced  and  affect  the  screening  efficiency,  causing  pre- 
mature screen  failure.  Space  limitations  also  preclude  the  screening  unit 
as  a  sampling  location. 


4.4.3  Weight 


The  maximum  weight  tolerance  should  be  compa- 
tible with  the  mounting  requirements  specified 
in  Section  4.4.2. 


The  weight  of  the  sampling  unit  and/or  measuring  unit  should  not 
exceed  the  weight  of  material  that  can  be  raised  to  the  requisite  height  by 
equipment  generally  present  at  stone  crushing  operations.  Cranes  or  other 
special  rigging  devices  should  not  be  required. 

4.5    Annualized  Cost 


Annualized  cost  goal  of  the  equipment  should  be  a 
cost  no  greater  than  ten  percent  of  a  plant's 
annual  sales.  The  plant  characteristics  for  which 
this  is  applicable  are   those  specified  in  Section 
4.1  Plant  Coverage. 

The  overall  cost-benefit  relationship  for  the  utilization  of  an 
automatic  gradation  technique  is: 
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A 


B 


D 


Annualized  Cost 
of  Automatic 
Gradation 
Equipment 


Less  than    c4-afQ  Service  attri- 

;   «J  \l.     (Rejects  +  optimized  +  T  ""!,ftn  +  butable  to  out 
Cost  of:  \           ,  .  .    Inspection    r  , 

\  production    K  of  spec  product. 


Two  important  inadequacies  of  the  above  relationship  are: 


1.  The  costs  are  to  one  party,  the  producer,  while  the  benefits 
ensue  to  the  producer  (A&B)  and  the  government  C&D). 

2.  Cost  data  associated  with  B  and  D  are  not  currently  available, 
and  may  require  considerable  research  to  generate. 


Another  economic  utilization  test  that  may  be  applied  is: 


Reject  cost 
savings 


Optimized  production 
savings 


Annualized  cost  of  automatic  gradation 
equipment 


>  15  percent 


This  would  be  the  minimum  no-risk  return  on  investment  producers  would 
consider.  In  practice,  minus  a  compelling  requirement  to  install  such  equip- 
ment, this  investment  must  compete  with  other  investment  opportunities  so 
that  the  relationship  approaches: 


Reject  cost      Optimized  production 

savings + savings >_  30  percent 

Annualized  cost  of  automatic  gradation 
equipment 


At  this  writing  it  is  not  apparent  what  the  optimized  production 
savings  are. 

If  the  change  is  mandated  by  the  purchaser,  the  last  two  ratios  can  be 
replaced  by  a  "reasonableness"  criterion.  If  the  equipment  represents  some 
large  portion  of  the  fixed  assets  of  the  plant,  viz.  40  percent  to  50  percent, 
or  if  it  represents  an  inordinate  portion  of  annual  sales,  viz.  >  20  percent, 
the  requirement  would  probably  be  unreasonable,  whereas  a  10  percent  figure 
would  probably  be  reasonable. 
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Because  figures  are  not  available  at  this  time  for  optimzed  production 
cost  savings,  it  was  necessary  to  use  the  percent  of  income  approach  in  the 
determination  of  the  cost  goal  specification. 

Based  on  JACA's  experience  with  the  aggregate  industry,  it  was  esti- 
mated that  the  analysis  equipment  would  not  be  utilized  by  the  industry  if 
the  annualized  equipment  cost  were  to  exceed  ten  percent  of  a  plant's  annual 
sales.  The  goal  for  equipment  cost  installed  can  be  estimatea  based  on  the 
premise  that  the  annualized  cost  should  be  less  than  or  equal  to  ten  percent 
of  a  plant's  annual  sales.  This  can  be  represented  by  the  following: 

Annualized  Equipment  Cost  _<  10  Percent  Annual  Sales 

or 
R  +  M  <  10  Percent  Annual  Sales 


where  R  =  annualized  loan  payments  for  equipment 
M  =  annual  operation  and  maintenance  costs 

Rearranging  the  preceeding  equation  shows  that  the  equipment  will  be 
purchased  if  the  annualized  loan  payments  are  such  that: 


R  <  10  Percent  Annual  Sales  -  H 


The  maximum  loan  payment  that  will  be  accepted  by  the  industry  is  represen- 
tative of  the  goal  of  the  equipment  cost  and  occurs  when  an  equality  exists 
in  the  above  equation. 


wou 
from 


The  present  value  of  the  loan,  and  thus  the  capital  investment  which 
Id  be  reasonable  to  meet  the  equipment  cost  premise  may  be  calculated 


P  -  (1+i )n-l  R 

P  "  l(l+i)«  R 

where  P  =  present  value  of  the  loan 
i  =  interest  rate  of  the  loan 
n  =  term  of  the  loan 


Substitution  of  R  in  the  above  equation  yields 
P  =  -(|+-V  t10  Percent  Annual  Sales  -  M] 
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To  utilize  the  preceeding  equation  a  number  of  assumptions  are  necessary. 
Assuming  that  the  average  selling  price  for  aggregate  is  $3.00  per  ton,  the 
annual   sales  for  three  plant  sizes  within  the  range  presented  in  Section 
4.1.3  are: 


$     300,000  for  a  100,000       TPY  (90,800  Mg  per  year)   plant 
$     900,000  for  a  300,000       TPY  (272,400  Mg  per  year)   plant 
$3,000,000  for  a  1,000,000  TPY  (908,000  Mg  per  year)   plant 

As  an  example,  for  the  300,000  TPY  (272,400  Mg  per  year)   plant  on  a 
15  year  loan  term  at  10  percent  interest  and  with  annual   operation  and 
maintenance  at  16  percent  of  the  capital    investment   (principal   of  the  loan), 
the  goal   for  equipment  cost  installed  would  be: 


P  =  j/ijjui1   C10  Percent  Annual   Sales  -  M] 

p  =  !wS^C90'000--16P] 

P  =  7.6061    (90,000  -   .16P) 

P  =  684,549  -  1.217P 

P  =  $308,776 


Obviously,  different  results  are  obtained  for  different  terms,  rates, 
and  anticipated  operation  and  maintenance  costs.     As  a  goal   though,  the 
target  price  for  the  analysis  equipment  installed  should  be  on  the  order 
of  $310,000  for  a  300,000  TPY  (272,400  Mg  per  year)  plant. 

4.6         Operation  and  Maintenance 

The  equipment  shall   be  designed  to  operate  out- 
doors  in  the  range  of  climatic  conditions  en- 
countered in  the  continental   United  States.      It 
shall   survive  shock  and  vibration  conditions 
normally  generated  by  plant  processing  equip- 
ment.     It  shall   operate  in  dusty  environments 
encountered  at  aggregate  processing  plants. 
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4.6.1  Installation  and  Calibration 


The  initial  installation  and  calibration  shall 
be  done  by  a  factory  employee  or  distributor  or 
by  plant  personnel  with  the  assistance  of  such 
factory  personnel . 

The  complexity  of  the  automatic  gradation  device  is  expected  to  be 

roughly  similar  to  portions  of  an  automatic  bituminous  concrete  plant.  It 

will  probably  consist  of  both  mechanical  and  electronic  parts  and  will  re- 
quire field  calibration  before  it  can  operate  properly. 

4.6.2  Reliability 

The  equipment  should  be  designed  for  a  mean  time 
between  failure  (MTBF)  of  600  operational  hours  in 
the  operating  environment  set  forth  in  Section  4.6 
provided  prescribed  preventative  maintenance  proce- 
dures are  carried  out.  MTBF  prediction  procedures 
shall  follow  paragraph  5.1  for  Feasibility  Predic- 
tion Procedure  of  Mil-Std-756A  insofar  as  practic- 
able. Parts  Count  Methods  shall  be  employed  as 
set  forth  in  Mil-HDBK-217B  for  electronic  and 
electrical  parts  and  Non-Electronic  Reliability 
Notebook,  RADC-TR-75-22  (Yurkowsky,  et  al . ,  1975). 

There  is  a  trade  off  between  engineering  cost  and  capital  expense  on 
the  one  hand  and  reliability  on  the  other.  Additional  engineering  including 
selection  of  design,  designation  of  parts,  model  building,  accelerated  life 
testing,  and  resulting  improvements  increases  reliability.  Parts  with  better 
stress  tolerance  (electrical  and  mechanical)  and  friction  wear  characteristics 
also  improve  reliability.  Both  of  these  tend  to  increase  initial  cost,  which 
is  offset  by  less  maintenance  costs  and  the  cost  of  down  time  over  the  long 
run.  Six  hundred  hours  appears  to  be  a  good  figure  to  start  the  design  eval- 
uation. It  may  be  necessary  to  change  this  number  as  the  various  designs 
evolve. 

MTBF  procedures  are  generally  practiced  in  the  military  where  informa- 
tion on  Mil  Standard  parts  are  available  and  where  the  items  are  replicated 
in  large  quantities  and  inventoried.  At  this  time,  the  extent  to  which  these 
procedures  can  be  adapted  to  the  product  application  involved  is  not  certain, 
but  the  methodology  does  permit  a  prediction  of  MTBF  to  be  made  which  would 
be  very  helpful  in  evaluating  a  number  of  technique  Candidates.  To  the 
extent  it  proves  practicable  it  will  be  employed. 
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4.6.3  Maintenance 


Maintenance  procedures  shall  be  such  that  plant 
personnel  with  three  days  training  should  be 
capable  of  service  and  repair  of  the  equipment. 
The  Mean  Time  to  Repair  (MTTR)  should  be  no 
greater  than  eight  hours  assuming  spare  parts 
are  available. 


It  is  expected  that  the  equipment  will  be  thoroughly  described  in 
handbooks  submitted  with  the  material  and  that  maintenance  procedures  will 
be  detailed  in  them.  Training  would  be  required  at  the  approximate  level 
of  that  in  automatic  bituminous  concrete  plants. 

The  MTTR  was  judged  to  be  acceptable  from  both  design  and  equipment 
material  costs  and  time  that  could  be  devoted- to  the  equipment. 

4.6.4  Repair 

The  equipment  should  be  repairable  by  plant  per- 
sonnel at  the  main  component  level  within  the 
MTTR  stated  in  Section  4.6.3.  The  design  goal 
shall  be  that  special  tools  and  test  equipment 
not  integral  to  the  unit  should  be  kept  to  a 
minimum.  The  goal  shall  be  to  utilize  mechani- 
cal and  electrical  test  equipment  and  tools 
frequently  available  at  typical  crushed  stone 
operations. 

Repair  can  be  broadly  regarded  as  consisting  of  diagnosis  and  remedial 
action  which  can  be  accomplished  by  plant  personnel  who  have  received  train- 
ing and  are  assisted  by  clear  and  thorough  repair  manuals.  Electronics, 
including  electro-optic,  electro-acoustic,  electro-isotope,  etc.  may  require 
a  certain  degree  of  self  diagnosis.  Remedial  action  would  entail  replacement 
of  components.  Sub-component  repairs  would  be  referred  to  the  supply  company 
after  replacement  if  the  component  expense  warranted  repair  rather  than  dis- 
carding of  the  failed  component. 
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4.6.5  Recalibration 


Recali brat  ion  of  the  parametric  relation  and  the 
electronics  will  be  required  at  specified  inter- 
vals determined  by  the  device  design,  and  after 
each  restoration  to  service  after  a  repair.  The 
electronic  portion  should  have  a  simple  calibra- 
tion capability  that  can  be  activated  as  a  daily 
check. 


A  recalibration  requirement  is  among  the  most  difficult  obstacles 
which  will  have  to  be  surmounted  in  establishing  a  general  utility  of  this 
equipment.  Efforts  shall  be  made  to  keep  the  frequency  of  calibration  to 
a  minimum  and  when  called  for  the  procedures  should  be  simple  and  not  time 
consuming.  It  will  not  be  possible  to  eliminate  recalibration,  only  to 
extend  periods  between  requirements.  State  authority  and/or  supplier  factory 
personnel  recalibration  programs  will  be  evaluated  for  cost  and  benefits  as 
compared  to  plant  personnel. 
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5.0  SUMMARY  OF  SIZING  TECHNIQUES  EXAMINED 

In  the  course  of  this  study,  sizing  techniques  were  examined  from 
patents,  reports,  trade  media  and  contacts  with  trade  associations  and 
equipment  manufacturers  for  applicability  to  the  aggregate  sizing  applica- 
tion specification  developed  early  in  the  project.  The  approach  was  to  use 
a  ^ery   wide  acceptance  aperture  initially  to  obtain  information  about  poten- 
tial techniques  and  then  reduce  gradually  the  candidate  techniques  to  those 
most  promising.  This  procedure  yielded  126  techniques  that  were  initially 
identified,  of  which  45  techniques  were  further  considered.  Six  warranted 
detailed  evaluation  (Sections  6.0,  7.0  and  8.0  of  this  report),  and  of  these, 
the  final  two  techniques  were  developed  into  field  systems  and  are   presented 
in  Sections  7.0  and  8.0. 

5.1  Present  State  of  Automation  of  Particle  Sizing  in  the  Aggregate  Industry 

Automation  of  a  labor  intensive  process  or  operation,  such  as  aggre- 
gate gradation  testing,  often  proceeds  in  an  evolutionary  fashion.  It  takes 
appreciable  time  and  may  proceed  on  a  piecemeal  basis.  This  is  because  the 
perceived  need  develops  over  time  due  to  an  intricate  combination  of  techni- 
cal, economic  and  business  factors.  When  the  automation  improvements  are 
made,  as  they  frequently  are  by  the  organization  making  or  using  a  particular 
product,  the  automation  is  accomplished  by  selectively  reducing  the  labor 
intensive  operations  but  keeping  the  basic  methodology  or  system  approach. 

An  example  of  this  progression  in  aggregate  gradation  testing  is  the 
automatic  testing  system  which  was  installed  at  Standard  Slag's  Marblehead, 
Ohio,  stone  plant  in  1966  ("Grading  Control  -  No  Problem",  reprinted  from 
Pit  and  Quarry,  June,  1967).  The  need  for  automation  stems  from  the  large 
quantity  of  aggregate  loaded  on  barges  for  shipment  and  thus,  the  quantity 
and  size  of  samples  required.  Ninety-five  percent  of  the  aggregate  produced 
is  shipped  by  lake  vessels,  and  sieve  analyses  are   required  before  the  barges 
leave  dock.  Since  the  loading  system  reaches  peaks  of  2,500  tons/hr.  (2,273 
metric  tons/hr.),  hand  sampling  was  not  practical;  thus  the  need  for  automatic 
gradation  analysis  becomes  evident.  Automation  was  incorporated  with  the 
intent  of  reducing  the  analysis  time  and  consequently  improving  the  product 
quality.  Since  gradation  results  are  obtained  in  a  matter  of  ten  minutes, 
the  plant  operator  can  change  the  feed  of  a  fractional  size  material  in  the 
blending  operation  to  arrive  at  the  desired  mix. 

The  total  analysis  system  at  the  Standard  Slag  stone  plant  is  an  exten- 
sion of  the  manual  sieving  procedures,  i.e.  sampling,  splitting,  sieving  and 
weighing.  Little  manual  operation  is  necessary;  the  system  records  cumulative 
weights  and  sends  materials  after  splitting  and  testing  either  to  the  dock 
loading  belt  or  to  a  waste  pile.  The  three  story  building  required  to  house 
this  particular  installation  illustrates  that  its  use  may  be  precluded  by 
space  limitations  in  some  applications.  In  addition,  the  large  production 
capacity  of  the  plant  and  the  need  for  rapid  test  results  could  justify  the 
equipment  costs  (approximately  $800,000  in  1967). 
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5.1.1  Present  State  of  Automatic  Size  Detectors 


Automatic  sizing  is  practiced  only  rarely  in  the  aggregate  industry, 
and  where  it  is  practiced  it  involves  the  automation  of  present  manual 
screening  techniques  such  as  the  system  at  Standard  Slag.  This  study  approach 
to  the  automation  of  aggregate  gradation  testing  on  the  other  hand  was  revo- 
lutionary rather  than  evolutionary.  The  study  identified  and  examined 
potential  innovative  sizing  techniques.  Rapid-response  analysis  techniques 
which  could  provide  frequent  gradation  determinations  at  an  economically 
justifiable  cost  were  sought.  Two  product  monitoring  approaches  were 
considered: 


•  Continuous  or  on-line 

•  Discontinuous  or  intermittent. 


Continuous  or  on-line  gradation  analysis  requires  that  the  entire 
production  run  or  a  portion  of  the  production  run  be  continuously  examined 
for  conformance  with  specifications  without  physically  extracting  a  sample. 
Discontinuous  analysis  is  the  result  of  intermittent  physical  sample  extrac- 
tion with  subsequent  gradation  analysis. 

Based  on  the  project  scope  of  work  and  various  parameters  outlined  in 
the  Product  Application  Specification,  there  are  a  number  of  sequences  which 
might  be  followed  to  arrive  at  a  mass  distribution  of  particle  sizes.  Figure 
1  presents  a  flow  diagram  of  the  various  analysis  steps  and  alternatives. 
From  this  diagram,  it  is  evident  that  particle  measurement  is  only  one  step 
in  the  overall  analysis  scheme,  but  the  particle  measuring  principle  and 
instrumentation  dictate  the  need  for  most  of  the  other  steps.  Thus,  the  most 
important  aspect  of  this  investigation  is  to  identify  particle  sizing  tech- 
niques suitable  for  aggregate  material  and  plant  characteristics. 

Part  of  this  identification  process  included  literature  review  which 
indicates  that  there  is  considerable  activity  in  development  of  rapid-res- 
ponse and  on-line  particle  sizing  techniques.  The  majority  of  research  and 
new  product  development  is  concentrated  in  the  area  of  fine  particle  analysis. 
A  1978  survey  of  research  and  new  product  development  by  Davies  indicates 
that  new  developments  in  rapid-response  and  on-line  monitoring  are  mainly 
for  image  analysis,  ore  benef iciation,  particulate  air  pollution  analysis, 
and  contamination  control  in  the  work  place  and  in  food  and  drugs.  This 
survey  and  a  series  of  three  previous  articles  (Davies,  1973;  1974a,  1974b) 
provide  a  good  overview  of  particle  sizing  instrumentation  and  the  physical 
principles  on  which  they  operate.  Literature  which  was  reviewed  on  confer- 
ences and  workshops  sponsored  by  organizations  such  as  the  National  Bureau  of 
Standards,  the  Food  and  Drug  Administration,  and  the  National  Science  Founda- 
tion also  indicates  the  research  being  done  in  the  area  of  particle  sizing 
instrumentation  (Cassat  and  Maddock,  1974;  Wasan,  1977).  Again,  research 
needs  and  advancements  are  primarily  identified  in  the  area  of  fine  particu- 
late systems  such  as  aerosol  sprays  for  paints,  insecticides,  and  deodorant 
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applications;  fine  powders  in  petrography;  and  high  particle  concentration 
liquids  in  the  chemical  and  mining  industries. 

According  to  Davies  (1978)  rapid-response  analyzers  operate  on  the 
following  principles  used  to  sense  and  size  particles: 

1.  Image  replication  and  analysis 

2.  Electrical  resistance  change 

3.  Light  scattering 

4.  Light  obscuration 

5.  Light  diffraction 

6.  Optical  grating  method 

7.  B-ray  attenuation 

8.  X-ray  absorption  and  fluorescence 

9.  Acoustic  interference 

10.  Ultrasonic  attenuation 

11.  Differential  air  classification 

12.  Hydrocyclone  separation 

13.  Pulsating  gas  flow 

14.  Pressure  drop  in  a  nozzle 

15.  Transient  and  evaporative  cooling  of  a  hot  wire 

16.  Impact  and  momentum  measurement 

17.  Magnetic  flux  variations 

18.  Electrostatic  ion  capture 

19.  Glow  discharge  perturbation 

20.  Automatic  sieve  methods 

21.  Correlation  techniques. 


It  is  beyond  the  scope  of  this  report  to  discuss  each  of  these  particle 
sizing  and  sensing  principles  and  associated  instruments.  Each  of  the 
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instruments  and  sizing  principles  have  limitations  which  stem  from  either 
particle  characteristics  such  as  size  range,  refraction  index,  concentration 
or  the  dispersing  medium,  whether  it  is  liquid  or  gas.  The  thrust  of  this 
study  was  to  evaluate  the  various  methods  of  sizing  particles  with  rapid- 
response  or  on-line  capabilities,  and  determine  their  applicability  to 
aggregate  sizing.  Since  the  approach  to  this  investigation  initially  involved 
a  wide  range  of  information  sources  (literature,  patents,  trade  associations, 
equipment  manufacturers,  related  industries,  etc.),  the  accumulated  data 
required  extensive  screening  to  produce  the  small  portion  that  was  pertinent 
to  aggregate  size  analysis. 

5.2    Sizing  Techniques  Evaluated 

Since  many  of  the  sizing  principles  listed  in  the  previous  section 
have  extremely  limited  application,  this  discussion  does  not  include  all  of 
these  principles.  For  example,  transient  and  evaporative  cooling  of  a  hot 
wire  is  only  useful  for  measuring  liquid  aerosols.  Information  was  sought 
only  on  those  sizing  and  sensing  principles  that  had  any  real  potential  for 
use  in  the  aggregate  industry.  The  list  of  useful  sizing  principles  devel- 
oped from  the  literature,  patents  and  equipment  brochures  related  to  sizing 
particles  in  the  range  normally  encountered  in  the  aggregate  industry. 
Direct  measuring  of  particles  by  mechanical  means  seemed  most  promising  since 
the  current  sieving  practice  is  mechanical.  Other  potentially  useful  mechan- 
ical techniques  included  centrifugal  force,  fluid  settlings,  rollers,  and 
openings.  These  mechanical  principles  have  long  been  in  use  in  many  indus- 
tries, including  mining  and  agriculture.  Within  the  past  20  years,  indirect 
or  remote  sensing  techniques  have  also  found  use  in  industry,  particularly 
the  agricultural  industry  because  minimum  handling  of  produce  maintains  the 
quality  of  the  product.  The  indirect  sizing  principles  which  have  been 
applied  to  the  size  range  common  to  aggregate  are  acoustical,  electrical, 
and  optical  techniques. 

Candidate  sizing  techniques  for  which  information  was  received  were 
categorized  by  these  general  sizing  and  sensing  principles  which  were  consi- 
dered potentially  applicable  to  the  aggregate  industry.  This  grouping  of 
techniques  revealed  problems  typically  associated  with  a  given  sizing  prin- 
ciple. 

5.2.1  Mesh  Techniques 

Twenty-seven  of  the  techniques  evaluated  used  sieving  as  the  main 
sizing  principle.     Material   is  sorted  because  a  particle  either  will   or  will 
not  pass  through  a  mesh  of  a  given  size.     That  is,  the  mesh  measures  the 
longest  dimension  of  the  least-area  projection  of  the  particle.     Since  this 
study  is  concerned  with   innovative  sizing  techniques,  these  mesh  techniques 
were  investigated  only  for  new  or  improved  methods  of  sieving.     However, 
22  of  these  techniques  were  patents  related  to  bulky  process  equipment 
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unsuitable  for  rapid-response  gradation  testing.  Of  the  remaining  mesh 
techniques,  one  commercially  available  device  was  an  automated  sieve,  but 
it  had  a  maximum  particle  size  of  only  1  mm.  In  general,  mesh  techniques 
are  not  considered  innovative  in  this  study. 

5.2.2  Centrifugal  Force  Techniques 

Four  separating  techniques  using  centrifugal  force  were  identified, 
three  of  which  are  patents.  Centrifugal  force  separates  particles  on  the 
basis  of  mass.  On  a  spinning  disc,  an  object  of  greater  mass  has  a  greater 
angular  momentum  which  causes  it  to  reach  the  outer  edge  of  the  disc  sooner 
than  a  particle  of  less  mass.  However,  centrifugal  force  is  an  unsatisfac- 
tory means  of  particle  sizing  because  variations  in  specific  gravity  of  the 
material  cause  variations  in  the  mass  of  particles  which  are  the  same  size. 
These  variations  produce  a  size  overlap  in  the  fractions  separated  by  chang- 
ing the  rate  at  which  the  disc  spins.  Another  problem  with  centrifugal  force 
devices  is  that  they  are  better  suited  to  particles  less  than  1  mm  since  the 
equipment  that  would  be  necessary  to  accomodate  the  spinning  off  of  3-inch 
(75  mm)  stone  would  have  to  be  impractical ly  large. 

5.2.3  Fluid  Settling  Techniques 

Fluid  settlings  as  a  classification  technique  include  particle  resis- 
tance to  either  air  or  liquid.  The  rate  at  which  any  particle  settles  in  a 
fluid  depends  on  the  particle's  surface  area  to  mass  ratio.  Thus,  settling 
is  a  function  of  particle  size,  particle  shape,  and  specific  gravity. 

Nine  wet  techniques  were  evaluated,  most  of  which  applied  to  sorting 
sand  or  sediment  comprised  of  materials  of  different  specific  gravities.  The 
material  separates  because  heavier  particles  sink  faster  in  a  liquid  than 
lighter  particles  do.  Ten  dry,  or  air  blast,  separating  methods  were  evalu- 
ated, most  of  which  applied  to  sorting  agricultural  products  such  as  grain. 
In  this  application,  the  force  of  an  air  blast  is  controlled  so  that  lighter 
particles  are  diverted  by  the  blast  while  heavier  particles  are  unaffected. 

Since  these  fluid  settling  techniques  depend  on  mass,  variations  in 
specific  gravity  cause  overlapping  in  the  size  fractions  collected.  As  is 
also  the  case  with  centrifugal  force  devices,  fluid  settling  techniques  have 
an  upper  size  limit  for  particles  that  can  be  handled  practically.  The 
particles  of  aggregate  which  could  be  suspended  in  water  or  by  a  reasonable 
air  blast  are  on  the  order  of  1  mm,  and  no  larger. 

5.2.4  Roller  Techniques 

Five  roller  techniques  were  evaluated,  all  of  them  patents.  A  typi- 
cal roller  separator  is  a  series  of  parallel,  horizontal  rods  (rollers)  with 
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grooves  cut  into  them  of  various  shapes,  depending  on  the  material   to  be 
sorted.     Each  roller  turns  about  its  longitudinal   axis,  and  all   rollers  turn 
in  the  same  direction  at  the  same  rate.     Periodically,  the  grooves  of  any  two 
adjacent  rollers  align,  forming  an  opening  which  permits  on-size  and  under- 
size  material  to  fall  through.     The  constant  turning  of  the  rollers  keeps 
over-size  material   moving  across  the  screening  surface  instead  of  lodging 
in  the  openings.     The  roller  technique  patents  collected  for  this  study  were 
designed  primarily  for  sizing  root  crops  and,  as  such,  describe  bulky  process 
equipment  which  makes  only  one  separation.     In  addition,  roller  separators 
are  not  suited  for  separating  fine  (minus  200  mesh)  material. 

5.2.5  Opening  Techniques 

Opening  techniques  work  on  the  same  principle  as  mesh  techniques, 
except  that  the  openings  are  not  the  holes  .of  a  square-aperture  screen.  That 
is,  a  particle  either  will  or  will  not  fit  through  or  into  a  given  opening. 
Of  11  techniques  investigated,  6  are  patents  which  have  a  variety  of  applica- 
tions such  as  isolating  perfect  spheres,  grinding  material  just  until  it  will 
fall  through  an  opening  of  the  desired  size,  or  bar  screens  for  sorting  platy 
material.  However,  the  applications  of  these  patents  are  material  specific 
and.  not  suited  to  the  general  sizing  of  aggregate.  The  remainder  of  the 
opening  techniques  are  commercially  available  sorters  for  the  agricultural 
industry,  and  as  such,  handle  a  minimum  particle  size  in  the  range  of  common 
cereal  grains.  These  devices  have  pockets  of  a  certain  size  that  will  only 
accept  particles  that  size  or  smaller  from  the  particle  population  to  be 
sorted. 

5.2.6  Acoustical  Techniques 

The  six  acoustical  sizing  techniques  evaluated  were  evenly  divided 
between  fine  particle  monitors  and  agricultural  sorters.  The  principle 
behind  acoustical  sizing  techniques  is  the  measurement  of  ultrasonic  or  other 
sound  wave  attenuation  as  a  function  of  particle  size  and  resonant  frequency. 
If  the  material  under  observation  is  homogeneous  and  thus  has  a  constant 
resonant  frequency,  the  sound  wave  that  hits  a  particle  is  altered  in  a 
manner  proportional  to  the  size  of  the  particle.  Since  sound  travels  faster 
through  water  than  through  air,  this  technique  is  applied  to  fine  (less  than 
500  micron)  particles  suspended  in  water.  Agricultural  sorters,  on  the  other 
hand,  are  designed  to  distinguish  resonant  frequencies  of  different  materials. 
For  example,  a  rock  hitting  a  piece  of  sheet  metal  produces  a  different  wave 
form  than  a  similarly  sized  potato  hitting  the  same  piece  of  metal.  These 
sorters  have  no  provisions  for  distinguishing  size. 
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5.2.7  Electrical  Techniques 

Of  12  electrical  separation  techniques  evaluated  in  this  study,  10  are 
patents  relating  to  dry  separation  of  material  on  the  basis  of  differing 
susceptibility  to  accepting  charges,  either  electrostatic  charges  or  charges 
from  an  ionized  atmosphere.  Essentially,  conducting  material  is  attracted  to 
a  charged  surface  while  non-conducting  material  passes  unaffected  by  the 
charge.  Dry  electrical  separation  is  a  common  practice  when  part  of  the 
particle  population  readily  accepts  a  charge  as  does  asbestos  in  the  mining 
industry  or  chaff  in  the  agricultural  industry.  However,  these  charges  are 
weak,  so  they  are  only  stronger  than  the  force  of  gravity  for  small,  light 
particles  (on  the  order  of  1  mm).  Another  drawback  is  that  this  technique 
separates  on  the  basis  of  the  type  of  material,  not  size. 

Two  research  studies  identified  a  wet  electrical  sizing  device,  the 
Coulter  Counter.  This  device  measures  changes  in  the  resistance  between  two 
electrodes  submersed  in  an  electrolyte.  The  amount  of  resistance  reflects 
the  size  of  the  particle  suspended  in  the  electrolyte  between  the  two  elec- 
trodes. This  method  has  the  advantage  that  it  does  not  depend  on  a  property 
of  the  material  in  the  particle,  but  it  is  limited  to  fine  size  particles 
that  can  remain  in  suspension  in  the  electrolyte. 

5.2.8  Optical  Techniques 

Twenty-three  optical  sorting  techniques  were  identified,  most  of  which 
were  conceived  or  developed  within  the  past  10  years.  The  basic  requirements 
for  any  optical  measuring  device  are  a   light  source,  a  photosensor,  and  an 
analyzer  to  convert  photo  signals  into  meaningful  electric  signals  or  digital 
display.  There  are   several  different  properties  an  optical  device  can 
measure,  such  as  light  wave  attentuation  (the  amount  of  light  reflected  from 
a  particle),  or  the  size  of  the  shadow  a  particle  casts  on  a  photosensitive 
screen,  or  the  color  of  the  particle,  or  it  can  simply  count  the  number  of 
particles  it  senses  without  sizing  them  at  all.  If  the  device  uses  a  laser 
as  its  light  source,  its  optics  can  count  the  number  of  interference  fringes 
produced  when  a  laser  hits  a  particle,  or  measure  how  the  light  is  diffracted 
from  that  particle.  These  measurements  are  related  to  particle  size.  If  the 
device  is  capable  of  handling  more  than  one  particle  at  a  time,  it  usually 
has  an  analyzer  (computer)  which  can  yield  a  size  distribution  of  the  popu- 
lation measured. 

Ten  of  the  optical  techniques  identified  were  explained  in  research 
studies.  Several  of  these  described  current  research  in  fine  particle  (less 
than  500  microns)  monitoring.  Others  could  measure  only  one  particle  at  a 
time,  or  only  larger  particles  (greater  than  2  mm).  A  limited  dynamic  size 
range  was  also  the  main  reason  for  rejecting  the  seven  patents  relating  to 
optical  techniques.  The  remaining  six  techniques  are  commercially  available 
equipment  with  equally  limited  applicability.  Two  are  suitable  only  for 
particles  less  than  300  microns;  one  sorts  by  color  only;  and  another  makes 
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precision  measurements  of  machinery  components.  The  sixth  is  designed  to 
sort  ore  by  reflectivity  as  well  as  size,  but  it  is  bulky,  expensive  process 
equipment. 

Despite  the  great  variety  of  optical  sorting  techniques  available, 
most  cover  only  a  narrow  size  range  and  as  such,  are  not  well  suited  to 
measuring  the  variety  of  sizes  encountered  in  aggregate. 

5.2.9  Miscellaneous  and  Combined  Techniques 

Fourteen  techniques  identified  were  either  combinations  of  the  sizing 
principles  previously  discussed,  or  equipment  potentially  useful  to  overall 
plant  design  incorporating  an  innovative  sizing  technique.  In  this  last 
category  are  load  cells.  These  were  studied  for  their  potential  as  continu- 
ous weighing  devices  which  could  translate  fractions  separated  by  innovative 
means  into  terms  of  weight  percent  as  in  current  gradation  specifications. 

Combined  techniques  identified  are  generally  designed  for  highly 
specific  applications.  For  example,  one  patent  describes  a  grain-separating 
device  which  suspends  chaff  electrostatically  while  the  remaining  grain  is 
passed  through  a  sieve  for  sizing.  Also,  limitations  associated  with  single 
techniques,  such  as  material  condition  or  specific  gravity  of  material, 
persist  in  the  combined  techniques. 

5.3    Reasons  for  Rejecting  Techniques 

Reasons  for  rejecting  the  bulk  of  the  candidate  sizing  techniques 
varied  considerably  but  generally  included  one  or  more  of  the  following: 

•  Mechanical  separation  was  accomplished  by  screening  with  subse- 
quent weighing 

•  Measurement  of  particle  size  was  limited  to  a  very  small  size 
(micron  sized  particles)  or  a  narrow  range. 

•  The  analysis  procedures  were  manual  and  not  easily  mechanized. 

•  The  analysis  technique  was  not  related  to  size  analysis,  but 
rather  dimensional  or  other  qualitative  analysis  of  individual 
objects  (e.g.  ripeness  or  surface  defects  of  fruit). 

•  The  analysis  procedures  were  appropriate  for  the  evaluation  of 
process  parameters  such  as  flow  rate,  grinding  efficiency,  etc. 
and  not  gradation. 

t    The  sizing  equipment  was  appropriate  for  high  flow  rate,  material 
processing  (e.g.  wet  benef iciation  plants,  crushed  ore  sorting) 
and  not  gradation  testing. 
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There  was  no  flexibility  in  the  sizing  principle  or  equipment 
design,  which  would  allow  adaptation  to  sizing  aggregate  mater- 
ials. 


Following  this  initial  assessment  of  candidate  sizing  techniques  and 
subsequent  consultation  with  FHWA  and  the  Advisory  Committee,  the  field  of 
candidate  sizing  techniques  was  eventually  narrowed  to  six.  These  techniques 
showing  the  most  promise  were  identified  as  optical  array  imaging,  hydrocy- 
clones,  the  air  table,  trommels  (all  discussed  in  Section  6.0),  the  vidicon 
system  (discussed  in  Section  7.0)  and  optical  shadowing  (discussed  in  Section 
8.0). 

Several  of  these  techniques  were  considered  for  detailed  analysis 
because  a  hybrid  system  which  would  incorporate  more  than  one  sizing  tech- 
nique was  still  counted  as  a  valid  alternative.  The  wide  range  of  particle 
sizes  associated  with  aggregate  gradation  analysis  [minus  200  mesh  (0.075  mm) 
to  4  inches  (100  mm)]  suggested  the  need  for  a  hybrid  system  to  cover  this 
entire  range.  It  was  thought  that  1/4  inch  (0.35  mm)  was  a  convenient  divi- 
sion of  fine  (minus  1/4  inch)  and  coarse  (plus  1/4  inch)  fractions.  Trommels, 
the  vidicon  system  and  the  air  table  are   appropriate  for  the  larger  sizes, 
while  hydrocyclones  and  optical  array  imaging  are   promising  for  the  fine 
fraction.  (Optical  shadowing  had  not  been  considered  at  this  time.)  At  the 
time,  there  were  several  other  alternatives  suitable  for  the  fine  fraction, 
e.g.  Armco  Autometric  PSM,  an  acoustical  technique,  and  Leeds  and  Northrup 
Microtrac,  an  optical  technique  (respective  product  information  bulletins). 

The  idea  of  a  hybrid  system  was  eventually  abandoned  because  combining 
sizing  techniques  involves  complicated  material  and  data  handling,  extensive 
equipment  requirements,  and  higher  cost.  Hybrid  systems  generally  require 
analysis  at  a  central  location,  which  deviates  from  the  rapid-response  or 
on-line  measurement  techniques  sought  in  this  study.  Data  generated  by  two 
different  sizing  techniques  is  difficult  to  integrate  into  one  size  distri- 
bution. 

Four  of  the  final  six  candidate  sizing  techniques  were  eventually 
discarded  in  the  course  of  the  investigation.  Laboratory  analysis  showed 
that  the  air  table  did  not  separate  particles  efficiently;  there  was  exces- 
sive overlap  of  size  fractions  because  the  separation  depended  on  particle 
shape  and  density.  Hydrocyclones  are  inefficient  particle  separators  and 
have  a  limited  size  range.  Optical  array  imaging  has  a  limited  size  range, 
but  more  importantly  Rexnord's  Corporate  Research  and  Development  Group  is 
already  pursuing  and  developing  this  technique  for  laboratory  analysis  of 
aggregate  gradation  under  FHWA  contract  DOT-FH-11-9365.   Trommels  were 
dropped  from  consideration  when  the  idea  of  the  hybrid  system  was  abandoned. 

The  remaining  two  sizing  techniques,  the  vidicon  system  and  optical 
shadowing  technique,  are  described  in  great  detail  in  Sections  7.0  and  8.0, 
respectively.  The  discussion  includes  the  theory  of  operation  and  physical 
characteristics  of  both  sizing  techniques  and  specific  details  such  as  system 
design,  equipment  descriptions,  maintenance  and  repair,  cost,  and  equipment 
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limitations.  Even  these  final  two  systems  which  survived  the  elimination 
process  are  not  without  their  associated  problems  and  limitations  relative 
to  the  aggregate  sizing  application,  both  of  these  techniques  have  rapid- 
response  capabilities.  The  optical  shadowing  technique  is  extremely  simple 
in  design  and  operation,  and  is  commercially  available.  However,  the  par- 
ticle measurement  range  is  limited  to  3  to  300  mm  and  there  are  important 
inhibiting  problems  and  assumptions  about  the  product  flow.  The  vidicon 
system  in  its  ultimate  configuration  is  attractive  because  of  its  flexibility 
and  wide  particle  measurement  range  (10  prn  to  1UU  mm),  but  requires  exten- 
sive laboratory  and  field  testing  to  prove  its  efficacy  for  aggregate  gra- 
dation analysis. 


s.4 


Basic  Problem  Areas 


Through  the  course  of  this  investigation,  it  became  apparent  that 
there  are  several  major  areas  of  concern  with  meeting  the  overall  project 
requirements.  For  the  most  part,  these  are  fundamental  problems  which  limit 
the  choice  of  sizing  methodologies  and  dictate  the  need  for  additional 
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ations.  These  major  problem  areas  are; 

Wide  dynamic  range  of  particle  size 
Parametric  representation 
Material  condition 
Specific  gravity  variations 
Minus  200  mesh  (0.07b  mm)  material. 


Gradation  analysis  of  agyregate  entails  the  determination  of  particle 
sizes  between  diameters  of  4  inches  (100  mm)  and  at  least  200  mesh  (0.07b 
mm),  depending  on  the  method  of  analysis.  This  wide  range  of  sizes  presents 
a  problem  in  that  no  one  sizing  instrument  identified  was  capable  of  analy- 
zing a  size  range  covering  four  orders  of  magnitude  with  the  degree  of 
accuracy  required.  Most  instruments  are  limited  to  ranges  covering  two  or 
three  orders  of  magnitude  at  most,  and  even  this  range  is  suspect.  The  idea 
of  a  hybrid  system  evolved  from  the  range  consideration  and  limitations  of 
instrument  capabilities.  It  was  thought  that  two  or  three  sizing  techniques 
in  combination  would  be  required  to  cover  this  entire  size  range.  Indeed, 
equipment  limitations  do  dictate  a  hybrid  system,  but  practical  and  cost 
considerations  present  problems  with  the  hybrid  system. 

Another  problem  that  occurs  because  of  the  wide  size  range  is  shown 
in  Table  3.  For  the  particle  diameters  (radius)  which  must  oe  analyzed, 
the  corresponding  specified  weight  or  mass  distribution  for  a  graded  aggre- 
gate might  be  as  shown  in  column  Z.     If  a  technique  were  used  to  size  this 
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distribution  by  counting  individual  particles,  thus  arriving  at  a  number 
distribution,  a  huge  particle  count  is  required.  Column  3  of  Table  3  repre- 
sents the  relative  number  of  particles  which  would  have  to  be  counted  to 
arrive  at  the  distribution  shown  in  column  2.  Column  3  was  derived  from 
columns  1  and  2  assuming  one  particle  of  50  mm  in  the  sample.  In  the  weight 
distribution  shown,  for  e\/ery   particle  of  50  mm  radius  there  will  be  2  bil- 
lion particles  of  0.04  mm  radius.  Thus,  it  would  be  necessary  to  view  and 
assimilate  data  on  billions  of  small  particles  to  accurately  determine  the 
weight  proportion  of  larger  sizes.  In  terms  of  analysis  time,  it  takes 
longer  to  obtain  a  representative  number  of  large  particles,  than  to  obtain 
a  representative  number  of  small  particles. 

Table  3 
Weight  Distribution  vs.  Distribution  by  Particle  Count 
Radius 


50 

mm 

10 

mm 

2 

mm 

0.5 

mm 

0.1 

mm 

0.04 

mm 

Weight 

Dist. 

Number  of  Particles 

5% 

1 

10% 

2.50  x  102 

20% 

6.25  x  104 

40% 

8.00  x  106 

20% 

5.00  x  108 

5% 

2.00  x  109 

To  present  gradation  results  in  a  manner  compatible  with  current  spe- 
cifications (i.e.  weight  percent  passing  a  given  sieve  size),  the  measure- 
ments obtained  through  new  sizing  techniques  must  be  parametrically  related 
to  the  sieve  analysis  results.  Current  gradation  specifications  are  written 
in  terms  of  the  sieving  test  results  used  to  determine  compliance  with  the 
specification.  Sieving  measures  the  larger  of  the  two  smallest  particle 
dimensions  presented  to  the  sieve  aperture.  Subsequent  weighing  of  the 
separated  size  fractions  yields  the  desired  weight  distribution.  Other 
sizing  techniques  measure  different  parameters  which  can  then  be  related  to 
particle  size  or  yield  size  measurements  in  a  different  form,  e.g.  volume, 
two  dimensional  area,  maximum  diameter,  etc.  If  specifications  for  aggregate 
gradation  are  retained  in  their  present  form,  it  will  be  necessary  to  corre- 
late test  results  from  new  sizing  techniques  to  sieve  analysis  results  at 
individual  aggregate  production  facilities.  Development  of  the  correlation 
may  require  extensive  data  gathering  and  testing  time  at  aggregate  plants  to 
prove  an  innovative  technique  acceptable  to  both  the  producer  and  consumer  of 
aggregate  materials.  Ideally,  specifications  for  gradation  should  be  changed 
to  reflect  the  analysis  procedure,  but  it  is  not  likely  that  this  will  occur 
in  a  short  period  of  time.  Eventually,  as  the  new  analysis  technique  is 
proven  to  be  reliable,  product  acceptance  should  be  based  on  the  results  of 
the  new  technique. 

This  study  is  concerned  with  a  wide  variety  of  aggregate  production 
facilities  and  plant  characteristics.  Aggregate  is  processed  by  both  wet  and 
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dry  methods,  which  means  that  the  material  condition  at  the  time  of  analysis 
is  of  prime  consideration.  Sizing  techniques  which  are  equally  applicable  to 
wet  and  dry  materials  were  not  identified. 

Particle  agglomeration  presents  a  problem  in  accurately  determining 
the  size  distribution  even  when  the  material  is  surface  moist.  Fine  parti- 
cles tend  to  adhere  to  larger  particles  or  stick  together  forming  apparently 
larger  particles.  If  agglomeration  is  not  prevented,  the  resulting  size 
distribution  determination  is  likely  to  be  biased  toward  larger  particle 
sizes. 

Material  conditioning  is  advisable  prior  to  gradation  analysis  to 
prevent  agglomeration.  Thorough  drying  is  likely  to  effect  this  requirement; 
however,  when  drying  is  incorporated  into  the  analysis  method  the  analysis 
time  is  increased  considerably.  Thus,  aggregate  drying  directs  the  analysis 
scheme  away  from  on-line  or  rapid-response  size  measurements.  Wet  analysis 
techniques  would  negate  the  requirement  for  drying  aggregate,  but  material 
transport  (of  the  larger  sizes)  and  disposal  must  receive  special  consider- 
ations. 

Air  tables  or  specific  gravity  separators  caused  concern  over  whether 
variations  in  aggregate  specific  gravity  would  limit  their  usefulness  for 
separation  by  particle  dimension.  Differences  in  particle  density  present  a 
problem  for  all  sizing  techniques  sensitive  to  particle  density,  such  as 
those  based  on  Stokes'  Law  settling.  The  total  range  of  densities  which  must 
be  considered  for  aggregate  materials  is  0.6  gm/cm^  (for  some  slags)  to  3.2 
gm/cm^  (for  taconite).  At  a  given  quarry  location  specific  gravity  varia- 
tions are  not  likely  to  be  excessive,  on  the  order  of  ±  4%  of  the  average 
value.  Typical  density  variations  may  be  from  2.4  to  2.7  gm/cm^  or  2.7  to 
2.9  gm/crrP.  However,  at  the  200  mesh  size  (0.075  mm)  there  may  be  a  large 
variation  in  specific  gravity  because  of  the  presence  of  organics  and  other 
deleterious  materials.  This  is  especially  true  in  gravel  pits.  For  cooled 
slag  of  a  given  size,  the  specific  gravity  variation  is  greater  than  that  of 
natural  aggregates.  Variations  of  ±  15%  of  the  average  specific  gravity  are 
not  unlikely,  e.g.  2.1  to  2.7  gm/cm^. 

Another  area  of  concern  is  associated  with  the  lower  limit  of  detec- 
tion of  sizing  techniques  and  the  requirement  for  the  analysis  of  minus  200 
mesh  material.  Sieving  procedures  determine  the  total  weight  of  material 
passing  the  200  mesh  sieve.  Several  optical  sizing  techniques  such  as  the 
vidicon  and  optical  array  imaging,  measure  and  count  individual  particles. 
The  count  and  size  data  is  then  converted  to  a  mass  distribution  through 
computer  software.  With  these  analysis  techniques  it  is  necessary  to  set  an 
appropriate  lower  size  limit  which  will  include  the  majority  of  the  mass  of 
particles  less  than  200  mesh  (0.075  mm).  In  essence,  the  size  range  of  4 
inches  (100  mm)  to  200  mesh  (0.075  mm)  must  be  extended. 

Laboratory  results  from  FHWA  Fairbank  Research  Station  (S.  Forster, 
personal  communication)  showed  that  a  large  percentage  by  weight  of  minus 
200  mesh  material  may  be  contained  in  the  particles  with  diameters  less  than 
10  ym  (0.01  mm).  Hydrometer  analyses  of  three  different  stone  samples  showed 
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that  32  to  56  percent  (by  weight)  of  the  minus  200  mesh  material  was  less 
than  10  ym  in  diameter.  In  terms  of  the  total  weight  of  the  sample  passing 
the  number  10  sieve  (2  mm),  the  minus  10  ym  material  represents  only  a 
fraction  of  a  percent  (e.g.  <.5  percent). 

At  this  time,  it  is  not  apparent  what  the  most  appropriate  lower  size 
limit  should  be.  From  the  comments  elicited  from  the  Advisory  Committee, 
JACA  believes  that  a  lower  limit  of  10  ym  is  adequate.  Reasons  for  arriving 
at  this  conclusion  include: 


Not  counting  particles  less  than  10  ym  may  be  tolerated,  if  the 
error  in  determining  the  weight  percent  of  minus  200  rnesh  mater- 
ial through  sieve  analysis  is  of  the  same  order  of  magnitude  as 
the  error  resulting  from  not  counting  the  minus  10  ym  particles, 

It  is  possible  to  determine  two  or  three  data  points  between 
10  ym  and  75  ym,  which  could  be  used  to  establish  the  weight 
distribution  of  minus  200  mesh  material. 

If  the  aggregate  quality  is  significantly  affected  by  the  minus 
10  ym  material,  then  another  test  method  could  be  used  intermit- 
tently as  a  reliable  measure  of  the  smaller  sizes. 
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6.0  DETAILED  DISCUSSION  OF  SEVERAL  SIZING  TECHNIQUES 

As  a  result  of  the  patent,  literature  and  industry  searches  and  the 
Advisory  Committee  meetings,  six  sizing  techniques  emerged  as  potentially 
applicable  to  automated  aggregate  gradation  analysis.  Three  of  these  tech- 
niques are  mechanical:   specific  gravity  separators  (air  tables),  trommels 
(cylindrical  screens)  and  hydrocyclones.  The  other  three  techniques  are 
optical:  optical  array  imaging  (PMS),  optical  shadowing  (Foxboro)  and  a 
vidicon  (T.V.  camera  -  interfaced  image  replication  and  analysis). 

These  six  techniques  were  selected  for  further  study  because  of  the 
simplicity  of  their  operation,  their  current  use  in  industry,  or  significant 
development  potential.  Specific  gravity  separators,  trommels,  hydrocyclones, 
optical  array  imaging  and  the  vidicon  system  were  considered  for  further 
study  at  a  time  when  the  possibility  of  a  hybrid  system  was  under  investi- 
gation.  It  was  thought  that  two  or  more  sizing  techniques  would  be  combined 
to  accomplish  the  measurement  of  particle  sizes  covering  the  entire  range  of 
4  inches  (100  mm)  to  200  mesh  (0.075  mm).  For  example,  trommels  are  best 
suited  for  sizing  large  particles  while  hydrocyclones  are   best  suited  for 
smaller  particles.  The  concept  of  a  hybrid  system  was  eventually  abandoned 
because  of  the  problem  of  integrating  two  sfze  distributions  developed  on 
the  basis  of  different  physical  properties  (requiring  different  parametric 
representation)  into  a  single  meaningful  distribution. 

The  Foxboro  optical  shadowing  technique  was  added  to  this  investiga- 
tion in  the  fall  of  1978  after  it  was  exhibited  at  the  International  Mining 
Show'  in  Las  Vegas.   It  was  included  in  this  investigation  because  it  was 
designed  specifically  for  sizing  a  wide  range  of  coarse  aggregate  material. 

After  careful  analysis,  all  but  two  of  these  six  sizing  techniques 
were  considered  of  limited  value  for  application  to  the  problem  at  hand  for 
reasons  explained  in  this  section.  Despite  some  limitations,  the  two  remain- 
ing techniques,  the  vidicon  system  and  the  Foxboro  system,  are   considered 
potentially  useful  in  sizing  and/or  process  control.  Conceptual  system 
designs  of  these  two  techniques  are  included  in  Sections  7.0  and  8.0  res- 
pectively. 

6.1  Optical  Array  Imaging 

Optical   array  spectrometry  is  a  technique  which  provides  detailed 
information  about  airborne  particle  shape  and  size.      It  is  a  commercially 
available  system,  manufactured  by  Particle  Measuring  Systems,   Inc.   of  Denver. 
Colorado  (PMS).     Currently,  PMS  manufactures  optical    array  spectrometers 
and  forward-scattering  spectrometers  for  use  in  cloud  physics  studies.     The 
forward-scattering  spectrometers,   used  exclusively  for  aerosol   studies, 
detect  particle  size  in  the  range  of  2  to  30  ym  and  are  not  at  all    applica- 
ble to  the  present  aggregate  gradation  study.     However,  the  optical   array 


-54- 


spectrometers  used  in  precipitation  studies  to  size  raindrops  and  snowflakes 
encompass  a  size  range  of  about  25  to  6,400  ym,  which  covers  much  of  the 
small  particle  size  range  of  interest  in  this  study. 

A  PMS  optical  array   spectrometer  obtains  information  about  any  given 
particle  by  the  shadow  it  casts  on  a  linear  photodiode  array.     Light  from  a 
collimated  He/Ne  laser  beam  hits  a  particle  in  the  object  plane  of  an  imaging 
system.  The  imaging  lens  magnifies  the  shadow  cast  by  the  particle,  and  it 
is  this  magnified  shadow  which  blocks  light  from  an  array   of  pre-positioned 
photodiodes  in  the  image  plane  (Figure  2).  The  data  handling  system  calcu- 
lates the  size  of  the  particle  using  the  number  of  photodiodes  blocked  by  its 
shadow,  the  magnification  factor  of  the  imaging  system,  and  the  air  speed  of 
the  particle  measured. 
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Figure  2 
OPTICAL  ARRAY  SPECTROMETER 
(Knollenberg,   1976) 


There  are  several   types  of  optical   array  spectrometers  available  from 
PMS,  each  of  which  encompasses  a  different  size  range.     Of  these,  the  follow- 
ing could  provide  coverage  of  portions  of  the  75  ym  to  100,000  ym  size  range 
specified  for  the  aggregate  industry: 


Optical   Array  Precipitation  Spectrometer  Probe  (Model   0AP-200Y) 
from  30  to  4500  ym  in  fifteen  300   ym  size  classes 

Ground  Based  Optical   Array  Precipitation  Spectrometer  Probe 
(Model   GBPP-100)   from  0.2  to  12.4  mm  in  62  size  classes 

2-D  Optical   Array  Cloud  Droplet   Imaging  Probe   (Model   0AP-2D-C) 
from  25  to  800  ym;   25  ym  resolution 
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•    2-D  Optical  Array  Precipitation  Imaging  Probe  (Model  0AP-2D-P) 
from  100  to  3200  ym,  but  is  adjustable  to  200  to  6400  urn;  200  urn 
resolution. 

The  first  two  models  are   one  dimensional  imaging  probes.  The  photo- 
diode  array   for  these  instruments  has  24  active  photodiode  elements  arranged 
linearly  on  200  ym  centers.  They  can  only  measure  one  particle  dimension: 
the  length  of  the  projected  area   of  the  particle  along  the  linear  photodiode 
array.   The  logic  circuitry  simply  counts  the  maximum  number  of  photodiodes 
blocked  during  particle  shadow  transit.  So  that  only  the  maximum  dimension 
of  the  particle  in  that  orientation  is  measured,  the  logic  circuitry  automa- 
tically rejects  particles  that  are  not  centered  in  the  small  sample  volume  at 
the  center  of  the  laser  beam.  Essentially,  this  is  accomplished  by  analyzing 
the  amplitude  and  transit  time  of  particle  image  signals  generated  by  the 
photodiodes.  Particles  passing  through  the  edges  of  the  sample  volume  have 
shorter  transit  times  and  obscure  less  light.  A  comparison  of  the  image 
signals  to  preset  threshold  values  causes  the  logic  circuitry  to  reject 
particles  not  sufficiently  within  the  sample  volume.  The  data  handling 
system  stores  the  particle  sizes  in  accumulators  for  the  appropriate  size 
classes. 

The  other  two  PMS  models  are  two-dimensional  spectrometers.  The  output 
from  a  2-D  instrument  is  an  actual  "picture"  of  the  particle's  shadow.  The 
photodiode  array  for  this  model  is  a  linear  arrangement  of  32  active  elements, 
also  on  200  ym  centers.  The  2-D  probe  contains  a  high  speed  front  end  memory 
which  allows  each  photodetector  to  encode  many  bits  of  shadow  information  in 
rapid  succession  from  each  particle.  Figure  3  is  a  simplified  diagram  of  how 
the  data  handling  system  constructs  an  image  of  a  particle.  Time  ti  shows 
the  particle  shadow  when  it  first  blocks  enough  light  that  a  comparator  in 
each  photodiode  it  covers  registers  a  light  level  below  the  minimum  or  thres- 
hold level.  The  photodiodes  that  are   blocked  output  to  a  printer  or  a  cath- 
ode ray   tube  (CRT)  a  symbol  indicating  a  shadow.   This  is  schematically 
represented  in  the  diagram  as  a  single  column  of  encoded  information  for  t\. 
The  printer  or  CRT  displays  this  column  of  information  in  the  ti  column 
of  the  output. 

Meanwhile,  the  particle  has  moved,  and  at  t2,  more  photodiodes  are 
shadowed  than  were  at  t\,   so  for  the  t2  column  of  information,  more  shadow 
is  encoded  and  this  information  is  displayed  in  column  t2  right  next  to 
column  ti  on  the  output.  This  process  of  encoding  columns  of  information, 
or  image  slices,  as  a  function  of  time  continues  until  the  last  of  the 
particle's  shadow  crosses  the  photodiode  array   and  no  more  photodiodes 
register  a  shadow  signal.  A  series  of  discrete,  one-dimensional  (linear) 
frames  of  a  particle  shadow  are  thus  assembled  to  construct  a  two-dimensional 
image  of  the  particles. 

To  determine  the  actual  size  of  the  particle  from  its  shadow  image  it 
is  necessary  to  know  t,  or  the  amount  of  time  between  each  "picture"  the 
photodiode  array  encodes.  The  25  ym  resolution  instrument  takes  image  slices 
at  a  rate  of  up  to  4  million  per  second,  or  one  image  slice  ewery   250  nano- 
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seconds.  If  the  true  air  speed  of  the  particles  is  for  example,  100  m 
sec.-l,  then  each  image  slice  corresponds  to  25  ym  of  distance.  The  parti- 
cle shown  in  Figure  3,  would  then  be  125  urn  in  diameter.  For  the  200  ym 
resolution  probe,  the  image  slice  rate  is  0.5  million  per  second,  or  one 
image  slice  every   2  microseconds.  At. a  true  air  speed  of  100  m  sec.~l, 
each  image  slice  corresponds  to  200  ym  of  distance.  If  Figure  3  were  pro- 
duced from  this  type  of  probe,  the  particle  would  be  1  mm  in  diameter. 

From  these  sample  calculations,  it  is  clear  that  particle  measurement 
is  essentially  instantaneous.  The  analysis  time  is  totally  dependent  upon 
the  time  it  takes  the  computer  to  sort  the  particles  into  the  various  size 
classes  designated  for  each  spectrometer. 

Since  it  takes  longer  to  analyze  the  data  than  to  collect  it,  the 
information  contained  on  the  image  slices  is  stored  in  a  static  Metal  Oxide 
Semiconductor  (MOS)  shift  register  which  acts  as  a  buffer  for  writing  onto 
computer  tape.  Data  storage  alternates  between  two  MOS  buffers  so  that 
the  computer  can  analyze  the  particle  image  from  one  buffer  while  the  other 
is  being  loaded  with  new  particle  information  generated  by  the  photodiodes. 
Since  data  is  stored  only  when  there  is  a  particle  within  the  small  sample 
volume  of  the  laser  beam  about  the  object  plane  of  the  imaging  system,  there 
is  usually  some  lag  between  the  time  an  empty  MOS  buffer  is  ready  for  loading 
and  the  time  a  particle  actually  enters  the  sample  volume.  This  results  in 
automatic  data  compression,  thereby  reducing  the  storage  requirements. 

The  air  speed  of  the  particles  is  critical  in  determining  particle 
size.  For  all  PMS  spectrometers,  particle  velocity  is  determined  through 
indpendent  airspeed  measurements.  Each  model  has  a  maximum  particle  velocity 
ranging  from  25  m  sec.~l  to  400  m  sec.~l.  However,  high  particle  velocities 
impair  instrument  resolution  to  a  certain  extent. 

The  PMS  optical  array  spectrometers  were  designed  primarily  for  in 
situ  airborne  monitoring  of  particulates.  This  application  necessitates  a 
compact,  lightweight  instrument  which  is  readily  attached  to  aircraft.  The 
imaging  system,  photodetectors,  and  laser  for  each  probe  are  housed  in  a 
lightweight  metal  cylinder  or  extruded  metal  envelope.  The  cylindrical 
casing  is  typically  31  in.  (787  mm)  long  and  7  in.  (178  mm)  in  diameter; 
the  envelope  has  a  cross-section  of  7.6  x  8  in.  (194  x  203  mm)  and  is  also 
31  in.  (787  mm)  long.  Protruding  from  one  end  of  the  metal  housing  are 
two  optical  extensions  between  which  the  laser  beam  is  directed.  Generally, 
these  cylindrical  extensions  range  from  7.75  to  9  in.  (197  to  229  mm)  long 
and  1  to  2  in.  (25  to  51  mm)  in  diameter.  All  of  the  spectrometer  probes 
are  lightweight,  on  the  order  of  45  lbs.  (20  kg). 

The  data  handling  system  sold  for  use  with  the  PMS  spectrometer  probes 
is  Data  Acquisition  System  model  DAS-32  or  DAS-64.  These  have  CRT  and  digital 
displays,  measure  19  x  5.25  x  18  in.  (483  x  133  x  457  mm)  and  weigh  approxi- 
mately 30  lbs.  (13.6  kg).  Two  important  accessories  are  a  housekeeping  data 
package  to  diagnose  instrument  malfunctions  and  a  printer  or  recorder  for 
permanent  output. 
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The  optical  array  imaging  technique  is  currently  under  investigation 
by  Rexnord's  Corporate  Research  and  Development  Group  (Milwaukee,  WI)  under  a 
separate  FHWA  contract,  DOT-FH-11-9365.   Rexnord  is  investigating  and  devel- 
oping an  experimental  model  utilizing  this  sizing  technique  for  laboratory 
analysis  of  aggregate  gradation.   Since  it  is  not  the  intent  of  the  present 
study  to  duplicate  this  effort  in  its  investigation  of  sizing  techniques,  no 
further  study  was  made  of  optical  array  imaging.  However,  it  would  be  use- 
ful to  point  out  some  of  the  limitations  of  PMS  systems  as  they  are  commer- 
cially available. 

One  obvious  limitation  of  the  standard  PMS  optical  array  spectrometers 
is  that  they  are  not  applicable  to  the  full  size  range  of  interest  to  this 
study  [i.e.,  4  in.  (100,000  ym)  to  200  mesh  (75  ym)].  On  the  small  end  of 
this  range  there  is  no  problem,  but  the  imaging  probe's  upper  limits  are 
between  0.25  in.  (6,400  ym)  and  0.5  in.  (12,400  ym) .  PMS  personnel  believe 
that  the  optics  may  be  altered  to  encompass  the  full  size  range  (Knol lenberg, 
1978,  personal  communication).  Any  one  PMS  system  is  capable  of  analyzing  a 
particle  size  range  covering  at  the  most  two  or  three  orders  of  magnitude 
with  any  degree  of  accuracy.  Thus,  the  present  sizing  problem,  which  covers 
four  orders  of  magnitude,  would  require  two  different  optical  systems. 

The  next  problem  concerns  the  adaptation  of  an  optical  system  designed 
for  airborne  particles  to  material  flowing  through  a  processing  plant,  for 
example,  over  a  conveyor  or  belt.  As  previously  discussed,  fairly  accurate 
measurement  of  particle  air  speed  is  necessary  for  data  analysis.  However, 
particles  piled  on  a  conveyor  may  not  all  attain  the  same  free  fall  velocity. 
One  cause  of  this  is  that  particles  segregate  on  the  belt.  Fines  sift  to  the 
bottom  while  coarse  particles  remain  on  top.  The  fines  may  stick  to  the 
conveyor,  and  this  adhesion  reduces  their  horizontal  velocity  compared  to  the 
coarse  particles.  Thus  the  particles  will  have  different  trajectories  upon 
leaving  the  conveyor.  Additionally,  particles  may  be  affected  by  air  resis- 
tance as  they  fall,  which  will  also  affect  their  fall  velocity. 

With  material  piled  on  a  belt,  analysis  of  the  stream  leaving  the  belt 
may  pose  a  problem  due  to  particle  coincidence.  It  would  be  beneficial  to 
have  a  single  layer  of  particles  as  they  leave  the  belt  to  prevent  coinci- 
dence as  well  as  segregation. 

Finally,  there  is  some  question  about  the  statistical  significance 
of  the  sample  volume  as  defined  by  the  optics  of  the  imaging  system.  The 
largest  sample  area  is  on  the  ground-based  spectrometer,  and  that  area  is 
only  9.6  in. 2  (60  cm^).  It  may  be  that  the  PMS  system  makes  so  many 
measurements  with  time  that  the  small  sample  area  is  statistically  permis- 
sible. 
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6.2    Hydrocyc Tones 

Hydrocyclones  were  initially  included  in  this  investigation  because  of 
their  application  to  fine  particle  separation.  With  the  idea  of  a  hybrid 
system,  they  appeared  to  be  appropriate  for  the  finer  size  range.  Research 
studies  performed  by  the  Bureau  of  Mines  (Daellenbach,  et  al . ,  1974)  in  the 
area  of  weight  analysis  by  nuclear  sensing  indicates  the  potential  for  on- 
line, rapid  response  size  analysis  utilizing  hydrocyclone  separation.  Per- 
sonal communication  with  Charles  Daellenbach  revealed  that  hydrocyclone 
separation  with  nuclear  sensing  never  progressed  past  the  prototype  labor- 
atory model  stage  and  is  not  being  used  in  industrial  applications.  Cur- 
rently, the  primary  use  of  hydrocyclones  is  in  industrial  processing  for 
recovering  fines  in  sand  production  or  in  closed  circuit  grinding.  Other 
applications  are  in  chemical  and  food  processing  for  size  classification  or 
solids  recovery.  In  these  applications,  the  hydrocyclones  are  designed  to 
handle  large  quantities  of  material  and  are  appropriately  large. 

Separation  in  a  hydrocyclone  results  from  two  forces:  the  Stokes'  Law 
settling  properties  of  the  material  to  be  classified  and  the  centrifugal 
force  imparted  by  rotating  fluid.  Large  and/or  heavy  particles  settle  out 
of  a  liquid  faster  than  small  and/or  light  particles.  Coupled  with  this  is 
the  chief  separating  force  in  a  cyclone  created  by  transforming  the  velocity 
of  an  inlet  stream  into  a  double  vortex  confined  within  the  cyclone. 

A  typical  hydrocyclone  is  constructed  as  shown  in  Figure  4.  The 
material  that  enters  the  feed  chamber  is  a  slurry  of  mixed  particles  and 
water  pumped  in  under  pressure.  This  pressure  and  the  involute  or  tangential 
configuration  of  the  feed  to  the  cylinder  causes  the  fluid  to  rotate.  As 
more  fluid  enters  the  chamber,  the  particles  move  to  the  outer  wall.  They 
move  down  into  the  cone  in  a  spiral  pattern  under  the  influence  of  the 
centrifugal  forces  set  up  by  the  rotating  fluid  and  gravity.  Particles  of 
smaller  mass  begin  to  migrate  toward  the  center  of  the  cone  and  spiral 
upwards  and  out  through  the  vortex  finder.  This  product  is  called  the 
overflow.  The  higher  mass  particles  remain  in  their  downward  spiral  path 
along  the  walls  of  the  cone  and  gradually  work  their  way  out  through  the 
apex.  This  product  is  called  the  underflow. 

A  single  hydrocyclone  can  make  only  one  separation.  The  cutoff  point 
for  fine  and  coarse  particles  is  determined  primarily  by  the  feed  flow  rate, 
inlet  pressure,  and  the  diameter  of  the  cyclone.  Therefore,  to  make  several 
separations,  several  hydrocyclones  with  different  dimensional  and  flow 
characteristics  are  necessary. 

Warman  Equipment  International,  Ltd.  markets  such  a  series  of  hydro- 
cyclones as  the  Cyclosizer.  This  is  designed  as  a  laboratory  sizing  device. 
Although  the  separation  principle  is  the  same  as  for  standard  hydrocyclones, 
the  Cyclosizer  cyclones  are  inverted.  The  underflow  containing  coarse 
material  is  at  the  top  of  the  separator  while  the  overflow,  which  is  removed 
at  the  base  of  the  first  cyclone,  becomes  the  feed  for  the  second  cyclone. 
Since  the  dimensions  of  all  the  cyclones  in  the  cyclosizer  are  the  same, 
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TYPICAL   HYDROCYCLONE   CONFIGURATION 
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different  separation  characteristics  are  achieved  by  varying  the  flow  rate  to 
each  cyclone.  Figure  5  shows  that  the  diameter  of  the  feed  inlet  decreases 
for  each  successive  cyclone.  This  progressively  increases  the  velocity  of 
the  slurry  and  permits  collection  of  smaller  particles  in  each  successive 
cyclone.  The  relatively  coarser  fractions  collected  in  the  closed  apex  of 
each  cyclone  remain  in  suspension  until  they  are  removed,  dried,  and  weighed. 


:ssure 

GAUGE 


SAMPLE 
CONTAINER 


No.  1 
CYCLONE 


No.  2 
CYCLONE 


THERMOMETER 


Figure  5 
DIAGRAMMATIC  ARRANGEMENT  OF  THE 
WARMAN  CYCLQSIZER 
(Warman  International  Ltd.) 
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Separation  in  a  hydrocyclone  requires  that  the  material  be  suspended 
in  water  or  other  low  viscosity  fluid.  Most  cyclone  performance  charts  are 
based  on  solid  concentrations  of  less  than  25  percent  by  weight  with  a  2.7 
specific  gravity  material.  However,  in  industrial  applications  35-40  percent 
solids  by  weight  is  not  uncommon.  Commercially  available  hydrocyclones  for 
material  processing  are  generally  designed  for  a  particular  slurry  flow  rate 
and  the  desired  limiting  cut  off  size.  Since  particle  removal  by  cyclonic 
flow  is  not  discrete  by  size,  an  effective  cut  off  diameter,  D50  or  D95, 
is  frequently  used.  The  values  of  D50  and  D95  indicate  the  particle 
diameter  of  which  50  percent  and  95  percent  by  weight,  respectively,  of 
the  material  feed  is  removed  in  the  underflow.  The  cut  off  diameter  for  a 
hydrocyclone  is  dependent  on  the  dimensions  of  the  cyclone  chamber  and  the 
slurry  flow  rate.  For  a  particular  hyarocyclone,  the  limiting  cut  off  size 
can  be  changed  by  varying  the  slurry  flow  rate  or  the  weight  fraction  of 
solids. 

Hydrocyclones  are  commonly  used  in  the  sand  and  gravel  industry 
to  separate  particle  sizes  in  the  range  of  about  5  microns  to  200  microns. 
The  size  of  a  cyclone  required  to  effect  the  desired  separation  can  be 
realized  by  a  few  examples.  A  hydrocyclone  with  a  diameter  of  10  mm  and 
operating  at  a  flow  rate  of  1  gallon  per  minute  (0.063  liters  per  second) 
makes  a  D95  separation  at  about  5  ^m.  A  hydrocyclone  with  a  diameter  of  48 
inches  (1,219  mm)  and  operating  at  a  flow  rate  of  4,000  gpm  (252  lps)  makes 
a  D95  separation  at  about  200  ^m.  Obviously,  the  diameter  of  the  cyclone 
would  be  quite  large  and  operate  at  a  relatively  high  flow  rate  if  it  were 
designed  to  separate  particles  larger  than  200  ym. 

The  Warman  Cyclosizer  is  designed  for  the  separation  of  particles  with 
diameters  less  than  200  mesh  (0.075  mm).  A  discrete  sample  containing  less 
than  100  grams  of  minus  200  mesh  material  is  required  for  operation.  In 
general,  a  minimum  quantity  of  solids  is  required  so  that  adequate  fluid 
velocities  are  achieved.  With  the  appropriate  fluid  velocities,  the  centri- 
fugal forces  are  maintained  to  effect  efficient  separation  of  the  fine 
particles.  Five  size  fractions  are  produced  from  one  sample  with  cut  off 
points  in  the  diameter  range  of  50  to  8  microns.  This  laboratory  analysis 
procedure  takes  about  10  to  30  minutes. 

Conversations  with  manufacturers  of  hydrocyclones  revealed  that  there 
are  several  problems  which  preclude  the  use  of  hydrocyclones  for  aggregate 
gradation  analysis  for  the  particle  size  range  of  interest.  Manufacturers 
which  were  contacted  include  Dorr  Oliver,  Krebs  Engineers  and  Eagle  Iron 
works. 

The  most  significant  problem  with  hydrocyclones  is  that  there  is  not  a 
sharp  cutoff  point  for  a  specific  particle  size.  Since  hydrocyclones  separate 
by  Stokes'  Law,  they  are  sensitive  to  differences  in  particle  specific  gravity 
and  settling  characteristics.  Unfortunately,  aggregate  particles  are  not 
generally  of  a  uniform  shape,  which  gives  particles  different  settling  charac- 
teristics, and  the  rock  density  at  any  given  quarry  can  vary  as  much  as  15 
percent.  Thus,  the  carry-over  of  off-size  particles  from  one  cyclone  to  the 
next  is  inherent  in  the  instrument  design.  Another  contributing  factor  to 
carry-over  is  that,  in  order  to  separate  a  larger  particle  size,  the  flow 
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rate  must  be  increased.  This  increases  the  cutoff  size,  but  it  reduces  the 
efficiency  of  separation  due  to  re-entrainment,  resulting  in  more  carry-over 
and  even  wider  size  overlap  between  two  successive  cyclones. 

In  addition  to  inefficient  separation,  hydrocyclones  are  only  appli- 
cable to  a  limited  size  range  (i.e.,  5  to  200  microns).  It  is  not  practical 
to  extend  this  size  range  above  200  microns,  because  the  size  of  the  equip- 
ment becomes  excessively  large.  Also,  slurry  transport  is  difficult  with  a 
large  percentage  of  material  greater  than  200  microns  in  size. 

Various  additional  factors  must  be  considered  in  developing  a  practi- 
cal hydrocyclone  particle  sizing  system.  Operation  of  the  system  at  an 
aggregate  plant  requires  sample  cutters,  slurry  pumps,  material  transport 
system,  mass  sensing  devices,  etc.  Separate  support  structures  are  necessary 
for  each  cyclone  because  of  the  equipment  size.  A  48  inch  (1,219  mm)  diameter 
hydrocyclone  is  necessary  to  effectively  separate  200  ym  diameter  particles. 
In  effect,  this  approach  to  aggregate  size  analysis  obviously  deviates  from 
the  goal  of  rapid,  on-line  size  measurement. 

Because  of  the  inherent  sizing  limitations  and  excessive  equipment 
size  requirements,  hydrocyclones  were  dismissed  as  a  viable  approach  to 
automatic  aggregate  gradation  analysis. 

6.3    Air  Tables 


Air  tables,   or  specific  gravity  separators,   are  mechanical   processing 
devices  commonly  used  in  industry  to  classify  granular  material   according 
to  particle  density.     The  investigation  of  air  tables  originated  with  the 
research  at  the  Bureau  of  Mines  Experimental   Solid  Waste  Recovery  Plant  in 
College  Park,  Maryland.     There,  experimental   air  tables  are  being  used  in 
solid  waste  recovery  to  separate  crushed  glass  from  deleterious  materials 
such  as  wood  chips  and  stones.     More  common  applications  of  air  tables  are 
in  the  agricultural    industry  for  quality  grading  of  seeds  and  grain,   removing 
shells  from  nut  meats,  etc.,  and  in  various  other  industries  for  removing 
contaminants  from  granulated  materials   (e.g.   plastics,  filter  media).     The 
operating  principle  of  air  tables  is  such  that  dry  separation  may  be  accom- 
plished by  virtue  of  particle  size,   shape  or  density.      If  two  of  these 
particle  parameters  are  held  constant  the  resulting  classification  is   in 
terms  of  the  third  parameter. 

An  air  table  produces  a  separation  of  material    because  heavy  particles 
tend  to  sink   in  low-pressure  fluidizing  air  while  lighter  particles,  more 
influenced  by  the  lifting  action  of  air,  remain  suspended.     To  enhance  this 
basic  separation  principle,   a  typical   air  table  is  shaped  like  a  trapezoidal 
tray  which  can  be  tilted  in  two  directions.     The  base  of  the  tray  is  porous 
to  allow  an  even,  controlled  flow  of  air  from  below  the  table  into  the 
material   to  be  sorted.     In  addition,  the  table  vibrates  in  a  straight-line 
reciprocating  motion. 
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Material   introduced  at  the  narrow  side  of  the  trapezoidal   deck   is 
subjected  to  the  fluidizing  air,   and  the  slope  and  vibration  of  the  deck 
itself.     Heavy  particles  sink  to  the  bottom  of  the  fluidizing  bed  where  the 
vibrations  carry  them  upslope  to  the  heavy  discharge  end.     The  air  lifts 
light  particles  away  from  the  vibrating  deck  and  conveys  them  downhill   to 
the  light  discharge  end.     Intermediate  particles  are  arranged  between  these 
two  opposing  influences. 

Material  thus  sorted  spreads  out  across  the  entire  width  of  the  table 
as  it  approaches  the  wide  discharge  end  of  the  trapezoid.     When  this  wide 
ribbon  of  sorted  material  falls  off  the  discharge  end,  the  material   in  the 
downhill  portion  of  the  product  ribbon  is  the  light  fraction,  the  material 
in  the  uphill  portion  of  the  product  ribbon  is  the  heavy  fraction,   and  the 
material   in  the  middle  of  the  ribbon  (the  "middlings")    is  a  mixture  of  both 
heavy  and  light  material .     In  typical   industrial   applications,   physical 
dividers  placed  at  the  discharge  end  divert  the  sorted  products  into  appro- 
priate containers. 

Figure  6  represents  a  cross-section  of  the  material   bed  at  the  dis- 
charge end  and  shows  that  the  middlings  can  be  recycled  to  improve  heavy  and 
light  fraction  recovery.     In  the  ideal   two-part  mixture  illustrated,   size  and 
shape  are  uniform  so  the  middling  is  simply  a  random  mixing  of  the  two  density 
phases.   In  real   applications  the  composition  of  the  middling  is  more  complex 
and  may  require  additional   treatment  before  returning  to  the  separator  feed. 
Similar  results  would  be  obtained  if  material   density  and  shape  were  uniform, 
and  particle  classification  would  be  according  to  particle  size. 
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Figure  6 
AIR  TABLE  CLASSIFICATION  OF 
GRANULAR  MATERIAL 
(Triple/S  Dynamics,  Inc.) 
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Because  separation  on  an  air  table  depends  upon  air  lifting  of  light 
particles,  the  material  must  be  dry  and  free  flowing.  A  uniform  bed  of 
material  yields  the  best  separation,  so  material  should  completely  cover  the 
porous  deck  and  should  be  fed  continuously  to  the  deck. 

The  size  range  which  air  tables  can  classify  is  between  about  one  inch 
(25  mm)  and  10  mesh  (0.07  in.  or  1.68  mm).  On  some  models,  fines  can  be 
removed  at  outpoints  between  35  and  200  mesh  (420  and  75  ^m  respectively). 
Because  the  angle  of  inclination  of  the  deck  and  the  fluidizing  air  flow  can 
be  adjusted  to  obtain  the  desired  separation,  air  tables  require  no  factory 
calibration. 

Equipment  size  and  installation  requirements  vary  depending  upon  the 
specific  application.  Triple/S  Dynamics,  Inc.,  of  Dallas,  Texas  has  a  small 
laboratory  model  (V-135A)  readily  useable  for  experimental  purposes.  Their 
model  R-15  Fluidized  Bed  Separator  weighs  2,800  pounds  (1,270  kg.)  and  requires 
an  installation  area  of  about  10  ft.  x  6.5  ft.  (3.05  m  x  2m).  Models  with 
exhaust  hoods  or  vacuum  systems  for  pickup  of  dust  generated  by  the  air  flow 
are  about  25  percent  taller  than  models  without  hoods.  With  its  hood,  model 
R-15  is  approximately  8  ft.  (2.5  m)  tall. 

Although  air  tables  are  generally  considered  to  be  processing  equip- 
ment rather  than  quality  control  devices,  the  availability  of  a  small  labor- 
atory model  and  the  simplicity  of  its  separation  principle  made  it  attractive 
enough  to  test  on  a  sample  of  aggregate.  During  the  initial  assessment  of 
air  tables  at  the  Bureau  of  Mines  Solid  Waste  Recovery  Plant,  a  small  quanti- 
ty of  crushed  glass  was  processed  and  the  resulting  classification  consisted 
of  discrete  size  fractions.  Following  this  assessment,  Triple/S  Dynamics  was 
contacted  to  run  a  few  aggregate  samples  through  their  laboratory  model 
of  the  air  table.  These  simple  tests  were  used  to  provide  a  basis  for 
subsequent  investigation  of  the  air  table  as  a  viable  aggregate  gradation 
analysis  technique. 

A  500  pound  (227  kg)  dry  aggregate  sample  was  sent  to  Triple/S  Dyna- 
mics for  testing.  The  aggregate  was  pre-graded  by  Highway  Materials  in 
Bridgeport,  Pa.  and  classified  as  Pennsylvania  IB  aggregate.  The  original 
gradation  of  the  aggregate  sample  is  shown  in  Table  4.  The  test  was  per- 
formed on  a  V-135  gravity  table  equipped  with  a  16  mesh  deck  with  no  riffles. 
This  is  Triple/S  Dynamics'  standard  laboratory  testing  model.  The  feed  rate 
was  550  lbs.  per  hour  (250  kg  per  hour),  and  the  samples  collected  represent 
four  fractions  of  the  separated  product.  Each  fraction  was  weighed  to 
determine  the  relationship  of  this  separating  technique  to  standard  sieve 
separations.  In  addition,  each  of  the  fractions  discharged  from  the  air 
table  was  subjected  to  a  standard  sieve  analysis  to  determine  how  effectively 
the  air  table  produced  discrete  size  fractions.  The  results  of  this  test  are 
tabulated  in  Table  4  and  graphed  in  Figure  7. 
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Table  4 
RESULTS  OF  AIR  TABLE  TEST 


Air  Table  Fractions  (Percent  by  Weight) 


Sample  Location 
Distribution 
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4  Mesh   (4.76  mm) 
8  Mesh   (2.38  mm) 

Sieve  Ana 

lysis  of  Fract 

ions  (Percent  Passir 

g  by  Weight) 

A 

B 

C 

D 

Original 
Gradation 

100 
99.4 
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Figure  7 

GRAPH  OF  AIR  TABLE  SEPARATION 

IN  RELATION  TO  SIEVE  SEPARATION 
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The  results  of  the  sieve  analyses  for  each  of  the  four  fractions  show 
that  there  is  no  well-defined  separation  by  size  for  aggregate  on  an  air 
table.  Instead  of  separating  one  sieve  size  category  to  an  air  table  fraction, 
the  test  run  produced  four  fractions,  each  of  which  contains  a  distribution 
of  al 1  particle  sizes. 

The  air  table  fractions  overlap  in  size  because  the  air  table  sepa- 
rates by  shape  as  well  as  size.  Because  of  the  greater  surface  area  it 
exposes  to  the  fluidized  air  flow,  flat  material  tends  to  collect  with  the 
lightest  fraction.  However,  this  flat  material  cannot  pass  through  the  same 
size  mesh  as  more  equidimensional  light  material.  On  the  other  hand,  round 
material  which  is  less  susceptible  to  the  lifting  action  of  the  air  flow 
tends  to  collect  with  the  heavier  fraction,  even  though  such  round  grains 
may  pass  through  a  small  size  sieve  mesh. 

Another  reason  why  the  size  distributions  of  the  fractions  overlap  is 
that  gravity  separators  are  yery   sensitive  to  variations  in  specific  gravity. 
Since  no  aggregate  is  derived  from  completely  homogeneous  material,  this 
could  necessitate  adjustments  in  the  air  flow  and  table  inclination  angle 
for  every  batch  of  aggregate  tested. 

Since  particle  separation  by  shape  and  specific  gravity  is  an  inherent 
property  of  specific  gravity  separators  and  interferes  with  dimensional  sizing 
as  indicated  from  the  experiment  described  above,  further  investigation  of  air 
tables  for  this  study  was  abandoned. 

6.4    Trommel s 

Trommels,  or  rotating  cylindrical  screens,  warranted  further  investi- 
gation because  their  principle  of  separation  is  essentially  the  same  as 
sieves  and  they  can  be  used  on  either  wet  or  dry  material.  There  are  many 
commercial  manufacturers  of  trommels,  and  most  trommels  find  application  as 
agricultural  grain  sizers,  although  they  are  also  used  in  sorting  numerous 
granular  materials  such  as  rubber  crumbs  and  plastic  pellets.  Larger  models 
are  used  in  solid  waste  recovery  processes  for  separating  paper  and  wood 
fractions  from  other  waste  material.  In  addition,  trommels  in  conjunction 
with  a  washer  are  frequently  used  in  aggregate  production  (sand  and  gravel) 
to  remove  deleterious  clay  and  silt  from  the  main  product  stream. 

Like  sieves,  trommels  can  size  material  because  any  individual  parti- 
cle either  will  or  will  not  pass  through  an  opening  of  a  given  size  and 
shape.  Material  to  be  sorted  is  fed  into  a  horizontal  rotating  cylindrical 
screen  as  slurry  or  as  granular,  free-flowing  material.  In  most  configura- 
tions the  central  axis  of  the  trommel  is  slightly  inclined  from  the  horizon- 
tal so  that  material  flows  down  slope.  Solids  of  a  size  larger  than  the 
screen  openings  are  retained  on  the  inside  surface  of  the  cylinder  while 
water  and/or  smaller  size  particles  pass  through  the  screen. 
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In  order  to  produce  more  than  two  sizes,  material  must  pass  through  a 
series  of  cylindrical  screens  of  different  mesh  or  the  cylindrical  screen 
must  be  exchanged  for  one  of  a  different  mesh  after  each  run.  This  last 
method  is  most  suitable  for  laboratory  size  graders  with  support  structures 
for  only  one  cylinder  at  a  time. 

One  configuration  of  trommels  which  is  used  in  agriculture  for  proces- 
sing grains  consists  of  two  cylinders,  one  above  the  other,  so  that  an  addi- 
tional size  fraction  can  be  obtained.  With  this  arrangement  of  trommels,  the 
material  to  be  separated  is  fed  to  the  top  cylinder  and  the  undersize  from 
the  top  screening  surface  becomes  the  feed  for  the  bottom  trommel.  In  this 
manner,  three  size  fractions  can  be  generated.  The  advantage  of  this  arrange- 
ment is  the  savings  in  floor  space  required  for  installation.  Processing 
capacity  may  be  increased  by  arranging  the  stacked  trommels  in  parallel. 
Another  trommel  arrangement  consists  of  placing  a  number  of  screen  sections 
along  the  length  of  a  single  cylinder.  The  aperture  size  of  the  screen  sec- 
tions increases  in  the  direction  of  product  flow.  This  configuration  as 
shown  in  Figure  8  might  be  used  for  washing  and  grading  gravel  in  a  low  pro- 
duction operation.  As  seen  in  this  figure,  numerous  size  fractions  can  be 
generated,  but  a  significantly  larger  area  is  required  for  installation.  A 
4  foot  (1.2  m)  diameter  cylinder  for  separating  five  fractions  may  be  on  the 
order  of  18  feet  (5.5  m)  in  length. 
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Figure  8 
SERIES  ARRANGEMENT  OF  TROMMEL  SCREEN  SECTIONS 


Since  the  advent  of  vibrating  screens,  most  trommel  manufacturers  no 
longer  market  standard  trommels.  Trommels  are  primarily  manufactured  on  a 
special  order  basis,  designed  for  a  specific  application. 

Trommels  are  sized  according  to  the  desired  capacity  (material  flow) 
and  the  material  size  distribution.  As  an  example,  a  trommel  with  1/8  inch 
(3.175  mm)  apertures  can  handle  about  0.9  TPH/ft2  (88  KgPH/cm2)  of  aggregate 
material.  The  "ft2"  factor  is  the  "effective  area"  which  is  one  third  the 
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diameter  of  the  cylinder  times  the  length.   In  general,  about  0.67  ft  2  (.06 
m^)  of  screening  area  is  required  for  each  foot  (305  mm)  of  length.  From 
the  example  above,  it  can  be  seen  that  a  3  foot  (.914  m)  diameter  by  21  foot 
(5.3m)  length  trommel  will  only  handle  about  20  tons  per  hour  (18  Mg  per 
hour)  of  1/8  inch  (3.175  mm)  aggregate.  Though  this  is  not  a  rigorous 
account  of  sizing  a  trommel,  it  does  indicate  that  the  production  capacity  of 
trommels  is  limited  and  that  their  dimensions  are  quite  large.  The  limited 
production  capacity  is  the  major  reason  trommels  are  not  used  extensively; 
vibrating  decks  of  screens  have  much  larger  capacity  for  a  given  volume. 

Trommels  can  be  used  to  classify  a  wide  range  of  particle  sizes, 
obviously  dependent  on  the  size  of  the  screen  apertures  chosen.  In  current 
applications,  materials  as  large  as  4  inches  (100  mm)  diameter  are  generally  not 
separated  in  this  manner  unless  the  material  is  relatively  light,  e.g.  in 
solid  waste  processing.  Top  sizes  of  1.5  inches  (38  mm)  or  2  inches  (50  mm) 
are  not  uncommon.  According  to  one  trommel  manufacturer,  the  smallest 
practical  aperture  size  for  use  in  the  sand  and  gravel  industry  is  about  8 
mesh  (2.4  mm).  Because  of  the  slow  rotary  motion  of  the  trommel,  screens 
tend  to  blind  in  the  sand  section  in  a  wet  process.  Sizing  requirements  for 
grains  in  the  agricultural  industry  are   such  that  standard  cylindrical 
screens  with  apertures  from  1  inch  (25.4  mm)  to  about  120  mesh  (.125  mm) 
are  generally  available.  It  should  be  pointed  out  that  the  screening  sur- 
faces of  trommels  are  not  necessarily  square  aperture  wire  mesh  sieves. 
The  surfaces  are  more  often  perforated  plates  with  square,  rectangular 
or  circular  openings. 

The  installation  requirements  for  a  trommel  or  series  of  trommels 
depend  on  the  particular  sizing  application.   If  the  product  stream  to  be 
treated  is  wet,  a  mechanism  to  channel  water  away  from  the  separation  must 
be  provided,  as  must  appropriate  means  to  transport  the  sized  and  waste 
material.  Each  of  the  trommel  units  is  driven  by  its  own  motor,  and  thus 
power  must  be  provided.  As  evidenced  by  the  previous  discussion,  space 
requirements  for  many  of  the  trommels  are  extensive. 

This  discussion  has  focused  on  trommels  that  are  used  in  a  material 
processing  capacity,  primarily  because  that  is  the  major  use  category.  Manu- 
facturers of  trommels  do  market  laboratory  test  models,  but  their  application 
to  gradation  testing  is  limited.  The  test  models  are  primarily  used  to  deter- 
mine the  "screenability"  of  material  prior  to  the  application  of  trommels  to 
a  particular  sizing  situation.  In  this  respect,  equipment  manufacturers 
offer  testing  services  to  prospective  customers  which  aid  in  the  development 
of  the  trommel  design  for  a  specific  material  in  process.  The  manufacturer 
develops,  through  the  testing  program,  a  stronger  basis  for  recommendations 
as  to  flow  rate,  rotational  speed,  angle  of  inclination,  depth  of  material  on 
the  screen,  etc. 

The  free  testing  services  offered  by  several  equipment  manufacturers 
prompted  JACA  to  submit  an  aggregate  sample  for  testing.  A  700  lb.  (320  kg) 
sample  was  sent  to  CEA  Carter-Day  in  Minneapolis,  Minnesota.  The  material 
was  pregraded  at  Highway  Materials,  Bridgeport,  PA,  as  Pennsylvania  IB  stone 
by  standard  sieving  methods.  A  laboratory  model  of  the  Carter-Day  Precision 
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Grader  was  used  as  the  testing  instrument.  An  inherent  limitation  to  the 
Carter-Day  testing  facility  is  that  it  is  primarily  used  for  testing  grains, 
seeds  or  other  agricultural  commodities.  Thus,  the  aperture  sizes  of  the 
cylindrical  screens  were  limited  to  those  available  at  the  testing  facility. 
The  cylinders  have  round  or  slotted  apertures  which  progress  in  size  in 
increments  of  1/64  inch  (.4  mm),  which  are  compatible  with  standards  in  the 
agriculture  industry.  In  spite  of  this  limitation  tests  were  run  to  ascer- 
tain problems  which  could  arise  with  this  method  of  aggregate  gradation 
analysis. 

Three  4,000-gram  samples  were  run  through  slotted  screens  and  one 
sample  through  screens  with  round  recessed  openings  (Figure  9).  Screens  were 
chosen  with  apertures  that  most  nearly  approximated  the  sizes  associated  with 
the  original  gradation.  An  attempt  was  made  to  approximate  the  original 
gradation,  but  this  was  not  the  explicit  intent  of  the  testing.  Obviously, 
square  mesh  screens  would  best  duplicate  the  results  of  standard  sieve  sizing 
The  testing  device  was  operated  at  28-30  rpm  for  all  tests.  Depending  on  the 
size  of  the  openings  in  the  cylinder,  complete  separation  was  accomplished  in 
3  -eriod  of  between  five  seconds  and  one  minute. 


SLOTTED 


ROUND  RECESSED 

Figure  9 
CROSS  SECTIONS  OF  TROMMEL  SCREEN  CONFIGURATIONS 
(CEA  Carter  Day) 
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The  test  results  are  tabulated  and  graphed  in  Table  5  and  Figure  10. 
The  slotted  cylinder  results  plot  consistently  below  the  original  sieve  gra- 
dation because  the  slots  measure  thickness  instead  of  the  two  smallest  dimen- 
sions that  sieves  measure.  A  slot  permits  passage  of  larger,  platy  material 
that  would  not  pass  through  a  square  sieve  opening.  The  cylinder  with  round 
recessed  openings  is  suited  for  more  equidimensional  material  than  a  slotted 
cylinder,  so  the  results  of  the  round  openings  plot  closer  to  the  original 
sieve  gradation  than  those  of  slotted  openings.  However,  the  area  of  each 
round  opening  of  a  given  diameter  (its  nominal  size)  is  less  than  the  area  of 
a  square  opening  that  has  the  same  measurement  on  a  side  (the  same  nominal 
size).  Consequently,  a  cylinder  with  round  openings  allows  less  material  of 
a  given  size  to  pass  through  than  a  standard  mesh  does.  This  is  why  the 
round  opening  results  plot  above  the  curve  for  a  sieve  size  distribution. 

These  results  indicate  that  a  trommel  with  standard  Tyler  sieve  cloth 
could  duplicate  the  results  of  standard  screening  techniques.  Although 
Carter-Day  does  not  market  them,  a  cylinder  of  standard  screen  cloth  should 
not  be  difficult  to  obtain.  Therefore,  based  on  theoretical  considerations 
only,  trommels  would  be  suitable  for  aggregate  quality  control. 

However,  these  tests  and  observations  of  the  testing  equipment  re- 
vealed a  number  of  potential  practical  limitations  relative  to  the  appli- 
cability of  this  particular  device  to  gradation  analysis.  The  tumbling  of 
aggregate  in  the  rotary  screen  causes  the  material  to  break  up,  resulting 
in  finer  material  measured  and  obvious  dust  loss  (0.2  to  0.4  percent).  In 
the  smaller  cylinder  sizes,  ribs  are  necessary  on  the  inside  of  the  screening 
surface  as  a  support  for  the  cylinder.  These  ribs  enhance  particle  fracture. 
The  design  of  the  testing  device  should  be  changed  for  gradation  testing  so 
that  the  supports  are  on  the  outside  of  the  screening  surface  and  the  test 
chamber  is  sealed  to  prevent  dust  loss. 

During  the  test,  the  screening  surfaces  blinded  quickly  which  reduced 

the  screening  efficiency.  This  was  especially  true  of  the  smaller  screen 

sizes  and  screening  surfaces  had  to  be  cleaned  after  each  test  run.  Rubber 

scrapers  positioned  against  the  outside  of  the  screening  surface  to  dislodge 
particles  were  ineffective  on  aggregate. 

Since  Carter-Day  equipment  is  designed  specifically  for  processing 
grain,  the  abrasive  nature  of  aggregate  is  likely  to  significantly  reduce 
the  screen  life.  A  nickel/  cadmium  coating  on  the  screening  surface  could 
prolong  the  wearing  life  of  the  screens,  but  would  also  increase  costs. 

An  additional  consideration  is  that  the  screening  cylinders  had  to  be 
manually  changed  after  each  size  separation.  To  accomplish  rapid  gradation 
analysis  a  series  arrangement  of  screening  surfaces  would  be  necessary.  The 
idea  of  concentric  trommels  was  considered  as  a  possible  configuration  which 
would  also  result  in  a  space  savings.  In  this  arrangement,  a  concentric, 
nested  set  of  trommels  would  have  the  largest  openings  in  the  innermost 
cylinder  and  the  smallest  openings  in  the  outermost  cylinder.  Such  a  totally 
enclosed  system  which  would  prevent  dust  loss.  However,  to  remove  the  size 
fractions  a  practical  way  to  automatically  open  the  trommels  would  have  to  be 
devised. 
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Table  5 
TROMMEL  TEST  RESULTS 


Original 

Slotted  #1 

Slotted  #2 

Round  #1 

Aperture 

Gradation 

10/31/78 

12/4/78 

12/4/78 

Inch  (mm) 

(Percent  Passir 

ig  by  Weight) 

32/64  (12.7) 

100 

100 

100 

98.6 

24/64  (9.51) 

93.1 

100 

99.8 

76.8 

12/64  (4.76) 

17.6 

56.6 

59.3 

14.5 

6/64  (2.38) 

5.1 

2.3 

14.8 

5.2 

Dust  Loss 

N/A 

N/A 

8  gm  (0.2%) 

17  gm  (0.4%) 

Slotted  #3 

Aperture 

12/4/78 

Inch  (mm) 

(%  Pass  by  Wt.) 

28/64  (11.1) 

100 

21/64  (8.33) 

98.9 

10/64  (3.96) 

45 

6/64  (2.38) 

15.8 

Dust  Loss 

13gm  (0.43%) 

CUMULATIVE  PERCENT  PASSING 
99.99    99.9  99.8       99    98       95      90       80     70  60  50  40   30    20       10       5         2     i 


Figure  10 
GRAPH  OF  TROMMEL  SEPARATION  IN  RELATION  TO  SIEVE  SEPARATION 
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This  investigation  of  trommels  was  initiated  with  the  notion  that 
their  use  in  aggregate  gradation  analysis  would  result  in  cost,  space  or  time 
savings  over  the  automated  flat-sieve  screening  devices  known  to  exist. 
Alternatively,  trommel  separation  was  considered  to  be  a  relatively  simple 
technique  to  divide  the  range  of  particles  into  two  size  categories  for 
subsequent  gradation  using  a  hybrid  of  two  techniques.  The  attractiveness 
of  trommels  was  that  the  principle  of  size  separation  was  similar  to  standard 
sieving  procedures.  However,  the  requirements  for  additional  components  to 
accomplish  automatic  gradation  analysis  overshadows  their  potential  to 
replace  screens. 

The  concept  of  aggregate  sizing  with  trommels  is  ultimately  an  exten- 
sion of  the  test  sieving  procedure.  The  major  difference  is  the  configura- 
tion of  the  screening  surfaces.  A  workable  system  would  be  similar  to  the 
automatic  gradation  system  installed  at  the  Marblehead  Stone  plant  of  Stan- 
dard Slag  ("Grading  Control  -  No  Problem",  reprinted  from  Pit  and  Quarry, 
June,  1967)  which  utilizes  vibrating  screens.  In  effect,  the  following  com- 
ponents would  be  necessary  for  automatic  gradation  analysis  using  trommels: 

•  Sample  cutter  for  each  aggregate  product 

•  Holding  bins  and  discharge  chutes  below  each  sample  cutter 

•  Oven  or  heating  system  to  dry  the  aggregate 

•  Cylindrical  screens  for  each  aggregate  product  (concentrically  or 
series  mounted) 

•  Load  cell  system  or  other  suitable  weighing  device  for  each 
series  of  screens 

t    Conveyors  to  move  material 

•  Data  handling  system  and  recorder 

•  Electrical  and  pneumatic  connections. 

Since  four  or  five  aggregate  products  may  require  analysis  at  any  one 
plant,  it  appears  that  a  centrally  located  or  portable  analysis  station  would 
be  required.  Otherwise,  four  or  five  individual  trommel  arrangements  would 
be  necessary.  With  a  centrally  located  analysis  station,  a  labyrinth  of  con- 
veyors would  be  necessary  to  move  material  from  the  sampling  locations  to  the 
analysis  location.  In  addition,  the  sizing  equipment  is  likely  to  be  extremely 
bulky  to  handle  the  4  inch  (100  mm)  aggregate.  All  of  these  factors  indicate 
that  cost,  space  or  time  savings  would  not  be  realized  by  using  trommels 
for  aggregate  gradation  analysis.  By  analogy  with  the  automated  system  at 
Standard  Slag's  Marblehead  plant,  it  is  not  difficult  to  surmise  that  an 
automated  trommel  system  of  analysis  would  be  extremely  complex  and  costly 
when  applied  to  four  or  five  product  lines. 
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Trommels  were  dismissed  for  further  investigation  and  final  design 
work  when  it  became  apparent  that  their  utilization  would  not  enhance  the 
basic  sieving  procedures.  Further  impetus  to  abandon  trommels  was  provided 
by  the  dismissal  of  the  idea  of  a  hybrid  sizing  system.  A  mechanism  to 
separate  fine  and  coarse  aggregate  fractions  was  no  longer  needed,  and  the 
investigation  of  trommels  was  terminated. 

6.5    Summary  of  Particle  Sizing  Capabilities 

The  previous  Sections  (6.1  through  6.4)  discuss  the  potential  applica- 
bility of  four  particle  sizing  techniques  to  automatic  aggregate  gradation 
analysis.  These  techniques  include  three  which  employ  mechanical  separation 
and  one  which  employs  an  optical  principle  as  the  method  of  particle  size 
determination.  Figure  11  graphically  represents  the  sizing  capabilities  of 
the  various  techniques  relative  to  the  total  size  range  covered  by  aggregate 
gradation  specifications.  The  air  table  (or  specific  gravity  separator)  is 
not  included  in  this  figure  because  it  does  not  lend  itself  to  direct  size 
range  considerations.  The  sizing  capabilities  of  two  additional  techniques, 
the  vidicon  system  and  the  Foxboro  95  PSD  (Optical  Shadow)  system,  are  also 
indicated  in  Figure  11.  Sections  7.0  and  8.0  describe  the  operating  princi- 
ples and  design  features  of  these  two  techniques  which  were  considered  poten- 
tially useful  for  rapid-response  aggregate  gradation  analysis. 
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7.0         VIDICON  OR  TV   IMAGE  PARTICLE  COUNTING  AND  MEASURING  SYSTEM 


The  concept  of  image  analysis  using  a  television-type  camera  has  been 
used  historically  in  nondestructive  testing  of  materials  and  was  indicated 
as  a  possible  technique  by  Dr.   Robert  McMaster  of  The  Ohio  State  University, 
a  consultant  to  JACA.   Literature  search  uncovered  a  paper  by  Hotham  (1974  in 
Cassat  and  Maddock,   1974)  which  describes  a  device  which  utilizes  a  pulsing 
UV  laser  to  produce  images  of  aerosol   droplets  on  a  television  screen  in  real 
time.     This  particular  "Laser  Machine"   is  used  for  sizing  aerosols  of  hair- 
sprays,  oven  cleaners,   deodorants,   insecticides,  etc.,  and  is  pertinent  be- 
cause of  its  wide  dynamic  size  range   (0.3  to  10,000  ym).     McMaster1 s  concept 
was  to  use  a  strobe  light  source  to  stop  the  motion  of  falling  particles  and 
capture  their  image  with  a  vidicon  (VIDIo  CONverter)  camera. 

The  attraction  of  a  vidicon  system  is  that  it  is  a  remote  sensing 
device  which  can  rapidly  monitor  particle  size  as  the  material   passes  through 
the  sensing  zone.     Particle  sizes  in  the  range  of  10  urn  to  4  inches   (100  mm) 
diameter  can  be  detected  by  choosing  the  appropriate  optical   system.     In 
addition,   a  vidicon   imaging  system  is  extremely  flexible  because  it  can 
obtain  information  about  particles  other  than  size   (such  as  shape). 

In  principle,  the  vidicon  imaging  technique  utilizes  a  scanning  photo- 
electric target  device  which  essentially  converts  photons  to  charge  carriers 
(electrons  or  positive  charges).     The  charge  carriers  generated  produce  a 
charge  distribution  on  a  dielectric  sensing  target  layer  which  acts  like 
an  array  of  capacitors  to  store  an  optical    image  as  a  latent  electrostatic 
charge  distribution  on  the  interior  surface  of  this  target  layer.     Scanning 
this  latent  charge  image  with  a  finely-focused  low-energy  electron  beam 
(which  replaces  surface  charge  which  leaked  through  the  sensing  layer  to  a 
conducting  backing  layer)  produces  a  video  signal   that  can  be  used  to  repro- 
duce the  image  or  record  the  image  onto  other  media.     The  images  acquired  in 
such  a  fashion  may  be  rather  coarse  (e.g.   infrared  scanning)  or  they  may 
record  extremely  fine  detail    (e.g.  telescopic  scans  of  the  Martian  surface 
from  a  deep  space  planetary  probe).      In  many  cases  the  data  accretion 
rates  are  quite  high  which  dictates  the  need  for  data  reduction  in  order  to 
derive  conclusions  from  the  accumulated  data.     However,   it  is   possible  to 
obtain  single  frames  of  image  data  by  flash  exposure  at  the  desired  time 
interval.     Usually  conventional    video  system  and  recorder  electronic  hardware 
is  coupled  with  single  line  scanners  or  array  processors  which  output  to 
a  general   purpose  digital    computer  (ranging  from  a  small   microprocessor  to  a 
large  scale  digital   computer)  to  control  the  measurement  and  data  reduction 
steps. 

Various  companies  manufacture  instrumentation  which  utilizes  a  raster 
scanning  vidicon  tube  or  plumbicon  tube  to  analyze   images  from  optical    or 
electron  microscope  slides,   photographs,   negatives,   or  macro  objects,   and 
transfers  the  images  to  a  monitor.     A  few  of  these  manufacturers  and  associ- 
ated image  analyzers  or  image  digitizers   include: 
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•  Bausch  and  Lomb  -  Omnicon  Pattern  Analysis  System 

•  Spatial   Data  Systems  -  Eye-Corn  Picture  Digitizer  and  Display, 
Model    108  PTS 

t         Imanco  -  Quantimet  720. 

Vidicon  image  analyzers  serve  a  wide  variety  of  functions  and  are  not  limited 
to  particle  size  analysis.     For  instance,   vidicons  can  resolve  on  the  order 
of  10  to  25  gray  levels  which  makes  it  possible  to  select,  change,  reject  or 
add  image  detail   in  the  analysis  scheme.     This  is  especially  pertinent  to  the 
scanning  of  landsat  imagery,  false  color  infrared  imagery,  stained  microscope 
slides,  x-ray  film,  radiographic  film  and  transmission  electron  microscope 
imagery.   In  essence,  image  digitizers  and  microprocessors  can  be  used  to 
enhance  the  image  received  by  the  vidicon  so  that  the  desired  details  can  be 
investigated. 

Vidicons  and  the  associated  image  analysis  hardware  have  found  appli- 
cation in  a  wide  variety  of  industrial   and  scientific  studies.     They  are  used 
to  analyze  both  static  and  dynamic  images.     A  predominant  application  of  such 
image  analysis  instrumentation  is   in  laboratory  analysis  of  metals,  ores,  and 
biological   specimens  and  in  clinical   and  agricultural  work.     Its  uses  include 
powder  size  analysis,   particle  geometry  monitoring,   porosity  measurements, 
and  inclusion  analysis.     Other  uses  are  for  analyzing  satellite  imagery  and 
for  wiring  semi-conductor  chips.     Applications  to  dynamic  images  include 
vehicle  guidance  (e.g.  missile  guidance  to  targets)  and  the  identification 
and  monitoring  of  bottle  caps  on  conveyors  for  the  drug  industry. 

The  flexibility  of  a  vidicon  system  is  determined  by  the  sophistica- 
tion of  its  associated  image  analysis  software  and  microprocessor.     According 
to  product  literature,  the  Spatial  Data  Systems,   Inc.,  image  analyzer  can  per- 
form the  functions  of  line,  code  and  number  recognition;     digital   enhancement 
and  measurement;  picture  storage  and  retrieval;  object  counting  and  sizing; 
multispectral   analysis;  and  radiographic  and  microscopic  analysis.     In  the 
simplest  case,  an  I  IT  Research  Institute  raindrop  analyzer,  the  software  is 
such  that  one  dimension,  particle  diameter,   is  measured  (Stockham,  et  al . , 
1971).     Since  this  particular  application  was  for  the  size  analysis  of 
spherical   raindrops,  that  was  all   the  sophistication  that  was  necessary. 
In  contrast,  Bausch  and  Lomb  has  developed  the  Omnicon     Pattern  Analysis 
System  that  can  measure  eight  basic  dimensions  that  determine  the  peculiar 
shape  of  an  object   (Morton  and  McCarthy,  1975).     These  are:     area  excluding 
holes,  interior  area,  longest  dimension,   Feret's  diameter,  breadth,   peri- 
meter, convex  perimeter  and  projected  length.     The  software  also  classifies 
particles  and  provides  size  distributions  as  an  output. 
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7.1    Vidicon  Sizing  Principles 


A  vidicon  system  for  particle  size  analysis  relies  on  several  compo- 
nents for  operation.  They  include  a  controlled  light  source;  a  vidicon 
camera  which  minimizes  noise  and  optimizes  resolution  and  speed  parameters; 
hardware  electronics  (signal  converters);  a  video  monitor  for  output;  and  a 
mini -computer  capable  of  real  time  recording  and  data  analysis.  A  typical 
system  arrangement  might  be  that  shown  in  Figure  12. 

Basically,  the  particles  under  investigation  are  illuminated  and  the 
images  projected  onto  a  vidicon  scanning  tube  which  converts  the  projection 
into  electrical  pulses  based  on  gray  levels.  The  pulses  are  digitized  by  the 
computer  for  quantitative  analysis. 
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Figure  12 
TYPICAL  VIDICON  SYSTEM  ARRANGEMENT 


The  system  configuration  illustrated  in  Figure  12  shows  the  light 
directed  through  the  particle  mass  and  casting  particle  shadow  images  into 
the  lens  of  the  vidicon  camera.  This  arrangement  provides  a  maximum  contrast 
between  the  particle  images  and  the  face  of  the  vidicon  camera.  White,  gray 
and  black  particles  can  be  imaged  with  equal  ease.  Conceivably  the  light 
source  could  be  placed  adjacent  to  the  camera  so  that  light  is  reflected  from 
the  particles,  but  this  was  not  thought  to  be  the  most  desirable  arrangement, 
since  black  particles  would  reflect  less  light  than  gray  or  white  particles. 
With  the  light  and  camera  adjacent,  a  contrasting  background  (to  the  parti- 
cles) should  be  provided.  Various  light  sources  were  considered  for  this 
application  to  particle  size  analysis.  Originally,  it  was  thought  that  a 
strobe  light  source  would  be  required  to  stop  the  particle  motion  so  that 
blurred  images  would  not  result.  Additionally,  the  light  source  should  be 
collimated  or  in  a  planar  arrangement  so  that  a  clear  projection  of  the 
particle  image  would  result.  A  point  light  source  producing  a  dispersed 
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beam  was  thought  to  result  in  blurred  edges  of  the  particle  images.  From  the 
work  of  Mr.  Hotham,  Laser  Holography,  Inc.,  it  was  apparent  that  a  laser  light 
source  is  well  suited  for  particle  sizing.  A  pulsing  nitrogen  gas  laser  pro- 
vides a  coherent,  collimated  beam  of  light  which  essentially  stops  the  parti- 
cle's motion.  In  addition,  the  laser  light  source  provides  an  intense  beam 
of  short  wavelength  light  which  permits  good  resolution  of  the  small  particle 
sizes.  In  the  light  and  camera  arrangement  shown  in  Figure  12,  particle 
shadows  are  projected  on  the  vidicon  camera,  which  reflect  the  shape  and  size 
of  the  particles.  The  exact  relationship  between  the  image  and  particle  size 
depends  upon  the  magnification  of  the  camera's  imaging  optics.  As  will  be 
discussed  later  in  this  Section,  the  optics  can  be  chosen  to  accomodate  the 
full  range  of  particle  sizes  encountered  in  aggregate  gradation  analysis. 


A  vidicon  camera  is  essentially  a  TV  c 
vidicon  tube  itself,  which  is  small  [about  6 
(25  mm)  in  diameter]  and  is  vacuum  enclosed, 
facing  the  laser  light  source,  is  a  vidicon  t 
of  a  light-sensitive  semi-conductor.  The  sem 
posited  upon  an  electrically-conducting  layer 
and  is  electrically  connected  to  a  signal  rin 
the  vidicon  tube  (McMaster,  1967).  At  the  re 
electron  gun  whose  electron  beam  can  be  focus 
on  the  back  of  the  3/8  in.  x  1/2  in.  (9.5  mm 
target  film  (Figure  13). 
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SCHEMATIC  OF  A  VIDICON  TUBE 

(Stockham  and  Fochtman,  1977) 


-80- 


The  shadow  projected  on  the  vidicon  target  layer  must  be  translated 
into  electrical  signals.  During  each  scan  of  the  525-line  conventional  TV 
raster,  negative  (electron)  charge  of  uniform  charge  density  is  deposited 
onto  the  inner  surface  of  the  vidicon  target  layer  by  applying  d.c.  poten- 
tials (typically  from  10  to  50  V).  This  sensitizes  the  target  layers  to  the 
incident  light.  During  the  light  exposure  period  the  target  area  becomes 
locally  electrically  conductive  in  response  to  the  light  intensity.  Positive 
charge  from  the  outer  surface  of  the  target  layer  leaks  through  to  the  inner 
surface.  As  the  scanning  electron  beam  passes  over  the  positively  charged 
(or  charge-deplected)  areas,  electrons  neutralize  the  positive  charge  which 
was  induced  by  the  light  exposure  and  thus  replenish  the  charge-depleted 
areas  (McMaster,  1967).  The  target  area  now  acts  as  an  insulating  capacitive 
element,  inducing  a  high  frequency  video  signal  on  the  signal  plate  and 
electrode.  This  synchronous  readout  signal  constitutes  the  video  signal 
transmitted  to  the  video  amplifiers,  monitor  and  video  recorder. 

In  this  manner,  the  laser  projects  the  shadow  image  of  whatever  is  in 
the  object  plane  of  the  camera  lens  onto  the  vidicon  target  surface  in  the 
form  of  a  latent  electrostatic  charge  distribution.  The  positive  charges  on 
the  outer  surface  of  the  target  migrate  to  the  inner  surface  where  the  inten- 
sity of  the  charges  is  "read"  by  the  scanning  electron  beam. 

The  electron  beam  "reads"  or  encodes  the  shadow  image  by  recharging 
the  inner  surface  of  the  target  layer  to  its  original  (10  to  50  V)  d.c. 
potential.  That  is,  the  charge  deposited  by  the  negative  electron  beam  to 
make  uniform  the  positively  charged  film  acts  through  the  insulating  target 
layer  like  a  capacitance  to  produce  a  pulse  readable  as  a  voltage  spike. 
This  spike  is  proportional  to  the  intensity  of  the  light  that  originally 
excited  the  film.  Where  there  is  a  shadow  cast  on  the  target  film,  the 
voltage  spike  produced  during  the  image  reading  process  will  be  negative. 
Where  there  has  been  no  shadow,  the  voltage  produced  will  be  positive. 

The  image  digitizing  in  a  vidicon  is  accomplished  by  a  raster  scan 
imaging  technique.  The  electron  beam  encodes  the  shadow  image  in  a  certain 
repetitive  fashion.  In  standard  TV  raster  scanners,  the  electron  beam  covers 
the  field  of  view  in  approximately  500  horizontal  scans  from  right  to  left 
(Figure  14).  The  scanning  is  dual  interlaced,  in  that  the  electron  beam 
traverses  a  frame  twice  to  encode  information  from  all  horizontal  lines.  The 
scanning  speed  is  quite  rapid,  on  the  order  of  30  frames/sec.  or  60  fields/sec 
(since  there  are  two  fields  per  frame).  In  effect,  the  scanning  process 
converts  a  two-dimensional  spatial  distribution  of  light  values  into  a  time 
sequence.  A  three-dimensional  system  of  information  (two  spatial  dimensions 
and  intensity)  is  thus  converted  to  a  two  dimensional  signal  (time  and  ampli- 
tude) (McMaster,  1963). 
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Figure  14 
RASTER  SCANNING  SEQUENCE, 


If  there  is  an  equal  number  of  vertical  registers   (500)  in  the 
Vidicon  projection,  the  result  is  a  matrix  of  500  x  500  cells  called  pixcels 
In  effect,  the  electron  beam  collects  a  voltage  spike  from  each  of  250,000 
pixcels  in  the  order  determined  by  the  scanner.  Hardware  electronics  (pri- 
marily voltage  threshold  comparators)  determine  which  cells  should  register 
light  and  which  should  register  shadow.  In  this  manner,  the  computer  builds 
a  two-dimensional  image  of  the  projection  of  a  particle  block  by  block  and 
line  by  line  (Figure  15). 
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Figure  15 
TWO  DIMENSIONAL  IMAGE  CONSTRUCTED  BY  THE  RASTER  SCAN 
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The  previous  example  concerns  the  ideal  case  of  a  single  particle  in 
focus  in  the  object  plane  of  the  imaging  system.  If  a  particle  is  out  of 
focus,  the  shadow  it  casts  will  not  have  clearly  defined  edges,  it  will  not 
be  as  dark  as  a  focused  shadow,  and  it  will  appear  larger  than  the  shadow  of 
the  same  particle  in  focus.  Thus,  for  accurate  size  determination,  it  is 
critical  that  the  particle  be  in  focus.  However,  the  sample  volume  about  the 
object  plane  in  the  vidicon  system  may  be  quite  limited.  The  actual  depth 
of  focus  depends  on  the  lens  used,  but  in  general  only  a  proportionately 
small  volume  is  in  focus. 

To  ensure  measurement  of  valid,  focused  particles  only,  most  vidicon 
systems  use  a  grey  scale  adjusted  by  black  level  and  contrast  controls  to 
filter  out  unfocused  particles.  In  practice,  the  laser  will  illuminate  many 
particles,  some  of  which  will  be  outside  the  sample  volume.  The  shadows  from 
the  unfocused  particles   are  lighter  than  those  from  focused  particles,  but 
the  paler  image  will  be  projected  onto  the  vidicon's  target  film  all  the 
same.  Just  as  before,  the  scanning  electron  beam  will  encode  a  voltage  spike 
from  this  paler  shadow  proportional/  to  a  light  intensity  between  full  light 
and  full  shadow.  Using  threshold  comparators,  the  electronics  will  assign  a 
grey  scale  value  to  those  pixcels.  Generally,  a  grey  scale  is  divided 
into  several  shades  of  grey  from  white  to  black  and  represents  the  relative 
intensities  of  the  voltage  spikes.  An  additional  threshold  comparator  is 
pre-set  to  reject  any  shadows  paler  than  a  predetermined  grey  scale  value  as 
invalid  particles.  Thus,  only  those  particles  in  focus  giving  true  shadow 
information  are  measured. 

The  data  handling  system  is  also  capable  of  counting  numerous  parti- 
cles per  frame,  provided  there  is  adequate  space  (1  to  2  pixcels  wide) 
between  particle  shadows.  A  series  of  signal  delays,  blanking,  and  recir- 
culating pulses  separate  the  shadows  for  the  computer  while  the  actual  sizing 
is  accomplished  by  line  counters.  These  simply  count  the  number  of  horizon- 
tal scans  that  it  takes  to  cover  one  shadow,  and  there  is  one  counter  for 
each  separate  shadow  across  a  single  horizontal  scan.  Once  the  number  of 
scan  lines  for  a  particle  is  determined,  it  is  added  to  an  accumulator  for 
a  pre-determined  size  class.  After  a  set  period  of  time,  the  information 
from  these  accumulators  is  used  to  derive  a  particle  size  distribution. 

7.2    Vidicon  System  for  Aggregate  Gradation  Analysis 

Because  of  the  remote  sensing  capability  of  the  vidicon  camera,  the 
overall  analysis  scheme  for  aggregate  sizing  is  to  locate  a  light  source  - 
video  camera  arrangement  at  each  aggregate  product  line  and  transmit  the 
particle  size  data  to  a  central  analysis  station.  In  this  manner,  a  number 
of  products  could  be  monitored  simultaneously.  The  advantages  of  this  over- 
all system  design  are  that  the  image  processing  equipment  and  other  electron- 
ics are  housed  in  a  controlled  atmosphere  and  only  one  computer  is  required 
for  data  analysis,  i.e.,  it  is  time  shared.  Special  design  of  the  data 
analysis  equipment  is  not  required,  because  the  equipment  can  be  located 
in  a  laboratory  environment  with  dust,  temperature  and  humidity  controls. 
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However,  a  special  software  package  must  be  developed  for  data  handling. 
Running  cables  for  signal  transmittance  from  the  sensing  locations  to  the 
central  analysis  location  presents  few  problems,  except  that  the  cables  must 
be  properly  located  so  as  to  prevent  damage  from  tractors  and  trucks.  This 
can  be  accomplished  by  burying  the  cables  or  attaching  them  to  existing 
overhead  trusses.  Obviously,  the  specific  requirements  for  cabling  and 
installation  are  dependent  on  the  particular  plant  layout. 

Technical  design  details  described  in  the  following  pages  concentrate 
on  those  aspects  of  the  sizing  system  that  deal  with  the  particle  handling 
and  sensing  equipment  at  the  measurement  location.  The  sensing  device  will 
be  the  same  for  each  measurement  location  and  is  the  key  element  of  the 
overall  analysis  scheme. 

Because  of  the  nature  of  the  optical  sizing  technique  and  the  aggre- 
gate plant  characteristics  there  are  a  number  of  problems  which  must  be 
considered  in  adapting  this  technique  to  aggregate  gradation  analysis.  Major 
problem  areas  which  were  addressed  include: 


Measurement  location 

Particle  size  range  [i.e.,  4  inches  (100  mm)  to  minus  200  mesh 
(0.075  mm)] 

Particle  segregation 

Particle  coincidence 

Particle  agglomeration 

Installation  requirements 

Operating  environment 


Various  configurations  of  the  particle  sensing  device  were  considered 
in  developing  a  suitable  design.  For  example,  it  was  obvious  that  at  least 
two  optical  systems  would  be  required  to  detect  the  entire  particle  size 
range  of  interest.  Initially,  two  light  sources,  lens  systems  and  vidicon 
cameras  were  included.  This  was  later  changed  so  that  one  light  source 
and  vidicon  camera  could  be  time-shared  between  the  two  lens  systems.  To 
prevent  erroneous  size  measurements  due  to  coincidence,  aggregate  particles 
need  to  be  adequately  dispersed,  which  indicated  that  the  sensing  device 
could  not  be  located  at  a  material  transfer  point  unless  steps  were  taken  to 
provide  a  relatively  thin  stream  of  aggregate.  This  requirement  is  best 
accomplished  by  removing  material  from  the  main  product  flow  and  controlling 
the  flow  of  this  sample  of  aggregate  through  the  sensing  device. 
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The  size  range  of  material  which  a  vidicon  system  can  measure  depends 
on  the  magnification  of  the  camera  lens  used.  In  this  sense,  the  size  range 
is  essentially  unlimited.  Vidicons  are   presently  used  in  conjunction  with 
scanning  electron  microscopes  or  for  monitoring  full  size  objects  as  in 
closed-circuit  television.  The  problem  of  aggregate  gradation  analysis 
involves  a  size  range  covering  four  orders  of  magnitude,  i.e.  4  inches 
(100,000  Mm)  to  minus  200  mesh  (75  ym).  Several  vidicon  systems  or  optical 
systems  with  different  magnifications  will  have  to  be  used  to  size  particles 
in  this  range. 

In  the  present  configuration,  it  is  thought  that  aggregate  material 
can  be  sized  as  it  falls  through  the  sensing  zone  defined  by  the  vidicon 
optics.  Errors  can  result  in  this  analysis  scheme  if  particles  coincide  or 
agglomerate.  Coincidence  can  occur  in  two  ways;  two  small  particles  may  be 
touching  when  reviewed  by  the  vidicon  and  counted  as  one  large  particle,  or 
small  particles  may  be  hidden  behind  larger  particles  and  not  counted  at  all. 
Care  should  be  taken  to  minimize  coincidence  by  ensuring  that  the  falling 
stream  is  adequately  dispersed  and  relatively  thin  along  the  line  of  sight. 
Agglomeration  may  occur  when  small  particles  adhere  to  larger  ones,  and  are 
not  observed  as  individual  particles.  Agglomeration  can  be  minimized  by 
drying  the  aggregate  and  providing  some  mechanism  to  break  the  adhesive 
forces.  Both  coincidence  and  agglomeration  result  in  a  size  distribution 
biased  toward  larger  particle  sizes,  and  should  be  minimized.  If  consistent, 
this  bias  can  be  accounted  for  during  calibration. 

Present  vidicon  systems  for  particle  size  analysis  are  predominantly 
used  in  a  laboratory  or  a  controlled  environment.  Adaptation  of  these 
devices  to  field  use  at  an  aggregate  plant  entails  a  redesign  of  the  pack- 
aging and  mounting.  In  this  respect,  an  environmental  enclosure,  shock 
mounts,  and  optics  cleaning  device  will  be  required  for  the  particle  sensing 
components.  On  the  other  hand,  the  video  monitor  and  image  analyzer  can  be 
located  in  a  central  control  room  and  will  not  be  subjected  to  a  harsh 
environment. 

As  with  the  other  optical  measuring  systems  investigated,  there  are 
questions  about  the  statistical  significance  of  the  particles  the  vidicon 
actually  sizes  and  the  parametric  relationship  between  the  second  longest 
dimension  which  a  sieve  measures  and  the  random  projected  area  of  a  particle 
which  the  vidicon  sizes.  Since  the  sample  volume  defined  by  the  optical 
system  is  finite,  the  length  of  time  necessary  to  observe  a  statistically 
significant  sample  could  be  on  the  order  of  hours.  However,  this  depends 
upon  the  number  of  particles  in  focus  in  any  one  frame.  The  parametric 
relationship  between  sieve-derived  size  distributions  and  vidicon-derived 
distributions  remains  to  be  tested  but  is  believed  to  be  definable  through 
calibration. 

At  this  time,  the  vidicon  camera-interfaced  analysis  system  is  in  the 
conceptual  stage  of  design,  and  requires  additional  research  and  engineering 
before  all  of  the  technical  problem  details  are   resolved. 

The  intent  of  this  discussion  is  to  present  basic  operating  princi- 
ples, equipment  descriptions,  cost  items  and  further  design  considerations 
for  a  workable  aggregate  gradation  analysis  system. 
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7.3    V  id  icon  System  Description 

The  general  measurement  method  is  to  detect  particles  as  they  fall  by 
gravity  between  the  light  source  and  a  video  camera.  By  strobing  (or  pulsing) 
the  light  source,  the  vidicon  image  of  the  positions  and  sizes  of  the  falling 
particles  is  stored  when  the  two  dimensional  shadows  are  projected  onto  the 
photo-sensitive  surface  of  the  vidicon  tube  in  the  camera.  Raster  scanning 
converts  the  images  into  electrical  pulses  based  on  gray  scale  values  during 
the  succeeding  1/30  second.  This  process  can  be  repeated  and  new  image  infor- 
mation sensed,  stored,  and  recorded  on  video  tape  as  often  as  30  times  each 
second.  The  amplitude  and  time  duration  of  the  pulses  are  then  digitized  and 
analyzed  by  the  computer  for  quantitative  assessment  of  particle  size  and 
distribution. 

For  the  purpose  of  discussion,  the  vidicon  system  can  be  conveniently 
separated  into  three  distinct  components: 

•  A  mechanical  component  to  present  material  to  the  measuring 
location 

•  An  optical  component  which  captures  the  images  of  falling  aggre- 
gate and  stores  and  transmits  instantaneous  images  as  the  video 
signal 

•  A  central  control  and  analysis  station  for  the  assessment  of 
particle  size  data. 

The  mechanical  and  optical  components  of  the  system  are  to  be  in- 
stalled at  transfer  points  on  aggregate  conveyors  while  the  analysis  station 
can  be  located  on  the  order  of  one  quarter  to  one  half  of  a  mile  from  the 
measurement  location.  There  might  be  as  many  as  five  measuring  locations 
at  any  one  aggregate  plant,  all  tied  into  a  common  analysis  station.  Figure 
16  shows  a  functional  schematic  of  the  vidicon  system  in  the  simplest  case 
where  one  aggregate  product  is  analyzed  for  gradation. 

7.3.1  System  Operation 

As  seen  in  Figure  16,  the  mechanical  component  consists  of  a  sample 
cutter  and  a  volumetric  vibratory  feeder  assembly.  The  sample  cutter  moves 
into  the  product  stream  at  a  material  transfer  point  and  retains  a  sample  of 
the  entire  cross-section  of  the  falling  aggregate.  This  sample  is  deposited 
in  the  holding  bin  of  the  feeding  assembly.  Aggregate  material  is  metered 
from  the  holding  bin  by  the  vibratory  action  of  the  flat  pan  feeder.  The 
feeding  mechanism  essentially  provides  four  functions: 
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Figure  16 
VIDICON  SYSTEM  FUNCTIONAL  SCHEMATIC 
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0    Controls  the  flow  of  aggregate 

•  Surface  dries  the  aggregate  since  the  bin  and  feeder  trough  are 
equipped  with  heated  liners 

•  Disagglomerates  aggregate  by  the  vibratory  action  of  the  feeder 

t    Spreads  the  aggregate  in  a  thin  curtain  as  it  discharges  the 
feeder  pan. 

Material  discharged  from  the  feeder  pan  falls  through  the  sensing  zone 
defined  by  the  lens  system  of  the  optical  component.  The  light  is  directed 
perpendicular  to  the  width  of  the  falling  curtain  of  aggregate.  While  the 
material  is  falling,  the  light  source  (in  this  case  a  nitrogen  gas  laser) 
is  pulsed  to  provide  the  light  necessary  to  actuate  the  video  camera  (between 
each  1/30  second  frame  trace)  and  to  stop  the  motion  of  the  falling  aggregate. 
A  short  duration  pulse  (shorter  than  the  vertical  retrace  time  of  the  vidicon 
camera)  is  desired  to  minimize  the  effects  of  external  vibration  and  particle 
motion  which  might  cause  blurring  of  the  images  received  by  the  camera.  The 
laser  emits  a  10  nanosecond  pulse  of  parallel  monochromatic  light  at  a  rate 
of  10  pulses  per  second.  The  maximum  possible  pulse  rate  is  60  pulses  per 
second.  The  laser  pulses  are   slaved  to  the  beam  chopper  or  rotating  disc. 
This  rotating  disc  is  reflective  on  one  side  and  is  segmented.  The  light 
beam  is  reflected  from  the  back  side  of  the  disc  and  directed  to  the  lower 
lens  system,  and  passes  through  the  segmented  area   of  the  disc  to  enter 
the  upper  lens  system.  In  this  manner,  the  light  source  is  shared  between 
the  two  lens  systems  as  indicated  in  Figure  16.  By  time  sharing  the  pulses, 
each  lens  system  receives  five  pulses  of  light  per  second.  This  rate  can  be 
adjusted  as  dictated  by  the  size  measurement  requirements.  However,  it  is 
essential  that  the  light  pulse  occurs  during  the  vertical  retrace  of  the 
vidicon.  If  the  light  pulse  occurs  during  read-out  (raster  scan)  of  a  frame, 
the  brightness  from  the  top  to  the  bottom  of  the  picture  may  vary   or  moving 
white  streaks  across  several  screen  lines  may  occur  (McMaster,  personal 
communication).  Falling  aggregate  initially  enters  the  sensing  zone  of  the 
high  magnification  lens  system  which  detects  the  fine  aggregate  sizes,  and 
then  a  reducing  lens  system  which  detects  the  coarse  aggregate.  The  exact 
magnifications  and  particle  sizes  detected  depend  on  the  testing  requirements. 
A  typical  lens  arrangement  will  be  discussed  in  Section  7.3.3. 

With  a  laser  pulse  rate  of  10  pulses  per  second,  a  different  view  (or 
sample)  of  the  falling  aggregate  is  received  by  the  vidicon  tube  10  times  per 
second.  At  this  pulse  rate,  particles  have  fallen  out  of  the  field  of  view 
before  the  next  frame  occurs,  thus  particles  are   not  counted  twice  by  con- 
secutive frames.  Five  views  of  the  large  particles  and  five  views  of  the 
small  particles  are   received  every   second.  With  a  raster  scan  rate  of  30 
frames  (views)  per  second,  there  is  sufficient  time  for  a  frame  to  be  scanned 
before  the  next  images  appear.  Since  there  can  be  some  carry-over  of  images 
(ghosts)  from  one  frame  to  another  this  is  an  important  consideration  in  secur- 
ing clear  images.  This  carry-over  is  maximized  if  the  light  source  is  not 
pulsed  during  the  vertical  retrace  period  of  the  vidicon. 
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Video  signals  once  received  are   then  transmitted  to  the  analysis 
station  via  cable  for  data  analysis.  Depending  on  the  length  of  cable 
required,  a  video  signal  amplifier  may  be  necessary  prior  to  transmittance. 

A  video  monitor  is  included  in  this  system,  but  is  not  an  integral 
part  of  the  overall  analysis  method.  The  monitor  displays  the  particle 
images  and  is  used  in  conjunction  with  the  video  camera  controls  to  optimize 
the  video  signal,  i.e.,  to  secure  clear  images. 

Because  there  are  likely  to  be  several  different  measuring  locations 
at  any  one  aggregate  plant,  the  analyzer/computer  should  be  capable  of 
handling  a  number  of  inputs.  The  computer  will  be  time  shared  to  assimilate 
particle  size  data  during  the  period  of  measurement.  An  important  aspect  of 
this  analysis  procedure  is  the  development  of  computer  software  so  that  the 
results  can  be  displayed,  after  initial  calibration,  in  a  manner  compatible 
with  sieve  results,  i.e.,  percent  by  weight  less  than  a  given  size.  This  can 
be  accomplished  by  assuming  constant  particle  shape  and  density  based  on  the 
initial  calibration,  and  converting  percent  by  count  to  percent  by  weight. 
Though  the  computer  will  be  pre-programmed  to  perform  basic  functions  (e.g., 
percent  by  count  to  percent  by  weight),  it  can  be  flexible  with  respect  to 
size  cut  offs  for  compatibility  with  the  particular  aggregate  gradation 
specifications.  The  printout  will  be  in  terms  of  the  percent  by  weight 
passing  the  specified  screen  sizes. 

The  components  at  each  measuring  location  require  separate  controls  to 
regulate  the  individual  functions.  This  is  not  explicitly  shown  in  Figure 
16,  but  if  five  measuring  locations  were  required  then  five  separate  sets  of 
controls  are  necessary.  The  laser  controls  are   necessary  to  regulate  the 
timing  of  the  laser  pulse  (which  is  pre-set)  and  the  intensity  of  the  laser 
beam.  The  video  camera  controls  are  used  to  regulate  the  intensity,  back- 
ground, gain,  etc.,  of  the  video  camera  and  are  used  in  conjunction  with  the 
video  monitor  to  optimize  the  video  signal.  Controls  are   also  required  to 
regulate  the  functions  of  the  mechanical  system. 

7.3.2  Mechanical  Component  Description 

The  sample  cutter  used  in  this  system  configuration  is  a  bottom  dump 
type  which  can  have  a  pneumatic,  chain  or  hydraulic  drive.  This  type  of 
cutter  was  chosen  because  it  was  intended  to  be  installed  below  the  head 
pulley  of  a  conveyor  where  there  is  likely  to  be  limited  space.  Figure 
17  shows  a  typical  arrangement  of  a  bottom  dump  sample  cutter  and  how  it 
operates. 
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Figure  17 
BOTTOM  DUMP  SAMPLE  CUTTER 
(Ramsey  Engineering  Company) 


The  cutter  head  moves  through  the  aggregate  stream  and  retains  a 
sample  without  overflowing  until  the  cutter  reaches  the  point  of  discharge. 
Each  traverse  of  the  cutter  head  passes  through  the  aggregate  stream  twice 
before  dumping  (i.e.,  one  cycle).  The  length  of  the  stroke  (from  A  to  B  in 
Figure  17)  can  be  adjusted  to  a  maximum  of  six  feet  and  remains  fixed  after 
installation.  Since  the  cutter  head  is  a  few  inches  wider  than  the  width 
of  the  falling  stream,  the  entire  cross-section  of  the  falling  aggregate  is 
sampled  with  each  stroke.  Additionally,  the  opening  of  the  cutter  head  is 
three  times  the  diameter  of  the  largest  aggregate  size  so  that  a  proportion- 
ate amount  of  coarse  aggregate  is  retained. 

Cutters  are  sized  according  to  the  quantity  of  material  and  the  type 
of  material  to  be  sampled.  For  example,  to  sample  4  inch  (100  mm)  top  size 
aggregate  from  a  36  inch  (914  mm)  belt,  the  cutter  opening  would  be  about  12 
inches  (305  mm)  by  36  inches  (914  mm).  Each  pass  of  the  cutter  through  the 
stream  would  retain  about  150  lbs.  (68  kg)  of  aggregate;  each  dump  (i.e.,  2 
passes)  would  consist  of  300  lbs.  (13b  kg).  This  is  for  a  5  to  6  foot  (1.5 
to  1.8  m)  stroke  with  a  cycle  of  13  dumps  per  20  minutes.  For  1.5  inch  (38 
mm)  top  size  aggregate,  the  width  of  the  cutter  opening  would  be  about  4.5 
inches  (114  mm)  and  each  dump  cycle  would  consist  of  70  lbs.  (32  kg).  This 
is  for  a  cutter  stroke  of  4  to  5  feet  (1.2  to  1.5  m)  and  7  dump  cycles  per  20 
minutes.  By  varying  the  cutter  size  and  speed,  the  desired  quantity  of  a 
specific  aggregate  can  be  obtained  in  a  relatively  short  period  of  time. 
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The  volumetric  feeding  assembly  consists  of  a  holding  bin  and  a  vibra- 
tory feeder  both  equipped  with  heated  liners.  A  typical  feeding  arrangement 
is  shown  in  Figure  18.  The  storage  hopper  and  vibrating  feeder  are  supported 
in  an  angle  iron  frame  as  shown.  An  electro-magnetic  vibrator  is  attached  to 
the  hopper  which  assures  a  free  flow  of  material  to  the  feed.  As  an  upper 
limit,  for  4  inch  (100  mm)  top  size  aggregate,  the  storage  bin  has  a  capa- 
city of  about  20  ft3  (0.6  m3).  At  a  nominal  bulk  density  of  100  lb/ft3  (1,600 
kg/m3),  the  storage  bin  can  hold  about  one  ton  (0.9  Mg)  of  aggregate. 


Figure  18 

VOLUMETRIC  FEEDING  ASSEMBLY 

(FMC  Corporation) 
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Aggregate  is  metered  from  the  storage  bin  by  regulating  the  frequency 
of  vibration  of  the  feeder  pan  and  by  adjusting  the  opening  between  the  bin 
and  the  pan.  The  feeder  is  driven  by  an  electromagnetic  unit  which  is  con- 
trolled by  a  dial  rheostat.  Thus,  the  speed  of  material  flow  is  controlled 
electrically.  The  depth  of  material  flow  can  be  varied  by  adjusting  the 
hopper  gate,  which  regulates  the  size  of  the  opening  between  the  hopper  and 
the  vibrating  pan.  Obviously,  the  opening  must  accomodate  the  largest 
particle  size  in  the  aggregate  mix. 

Optimum  feed  rates  will  depend,  ultimately,  on  the  type  of  aggregate 
to  be  tested  and  the  quality  of  images  that  are  received  by  the  vidicon 
camera.  The  optimum  feed  rate  for  a  specific  aggregate  should  be  determined 
through  experimentation  by  varying  the  frequency  of  the  pan  vibration  and  the 
opening  of  the  hopper  gate  and  by  viewing  the  images  on  the  video  monitor. 
However,  a  number  of  general  considerations  indicate  the  order  of  magnitude 
feed  rates.  Gradation  results  should  be  received  on  the  order  of  every  20 
minutes.  Material  should  be  retained  in  the  hopper  for  a  period  of  time  so 
that  it  is  dried.  The  hopper  should  be  emptied  before  the  subsequent  analy- 
sis period  is  initiated.  Based  on  these  considerations,  if  1  ton  (0.9  Mg)  of 
aggregate  is  retained  in  the  hopper  for  15  minutes  to  dry,  and  then  removed 
in  the  subsequent  5  minutes,  the  feed  rate  would  be  12  tons  per  hour  (10.8 
Mg  per  hour). 

The  flat-pan  trough  of  the  feeding  mechanism  discharges  the  aggregate 
in  a  thin  stream  above  the  vidicon  sensing  zone.  The  trough  is  34  inches 
(860  mm)  long  and  14  inches  (360  mm)  wide.  At  the  discharge  end,  the  trough 
is  cut  at  a  45  degree  angle  which  serves  to  fan  the  aggregate  as  it  is  dis- 
charged. Parallel  ribs  along  the  length  of  the  trough  prevent  the  material 
from  segregating  as  it  is  conveyed  across  the  surface.  Additionally,  the 
trough  has  an  electrical  resistance  heated  liner  plate  which  prevents  mater- 
ial from  sticking.  This  entire  feeding  mechanism  is  intended  to  provide  a 
uniform,  thin  flow  of  aggregate  at  the  discharge  end  of  the  trough. 

As  shown  in  Figure  18,  the  entire  volumetric  feeding  mechanism  attached 
to  the  supporting  frame  has  dimensions  of  2.5  feet  (0.75  m)  in  width,  2.5 
feet  (0.75  m)  in  length  and  3  feet  (0.9  m)  in  height.  The  feeding  mechanism 
itself  weighs  about  1  ton  (0.9  Mg),  and  may  hold  1  ton  of  aggregate. 

7.3.3  Optical  Component  Description 

Upon  discharge  from  the  volumetric  feeding  mechanism,  the  aggregate 
falls  through  the  sensing  zone  of  the  optical  component.  Figure  19  shows  a 
plan  view  of  the  measuring  location  with  the  aggregate  material  flow  into  the 
page.  The  laser  light  source  is  situated  on  the  left  side  of  the  viewing 
area  and  the  camera  on  the  right.  As  the  system  design  was  developed,  it  was 
estimated  that  the  entire  optical  component  could  be  kept  relatively  small  by 
compressing  the  optics,  i.e.,  increasing  the  path  length  with  the  proper 
placement  of  reflecting  elements.  The  estimated  size  of  the  optical  compo- 
nent is  4  feet  (1.2  m)  x  2  feet  (0.6  m)  x  2  feet  (0.6  m) .  This  possibly 
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could  be  reduced  in  length  somewhat  [to  3  feet  (0.9  m)].  In  addition,  the 
weight  of  the  optical  component  is  estimated  to  be  500  pounds  (225  kg).  As 
shown  in  Figure  19,  the  viewing  area  is  estimated  to  be  a  square  of  18  inches 
(460  mm)  on  a  side.  This  area  should  accomodate  both  the  14  inch  (360  mm) 
wide  aggregate  stream  discharged  from  the  feeder  and  the  lens  system's  depth 
of  field. 
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Figure  19 
PLAN  VIEW  OF  MEASURING  LOCATION 


For  ease  of  maintenance  and  calibration,  the  optical  component  is  made 
up  of  three  separate  boxes  mounted  on  a  rigid  metal  frame.  The  laser  box 
contains  the  nitrogen  gas  laser,  the  laser  power  supply,  beam  chopper  and 
reflecting  elements.  The  optics  box  contains  the  two  lens  systems  mounted 
one  above  the  other  with  the  sensing  volume  left  open.  The  camera  box 
contains  the  vidicon  camera  and  the  video  signal  amplifier,  if  necessary. 
Because  the  alignment  of  the  optical  component  is  critical  for  proper  opera- 
tion, bore  sights  may  be  necessary  to  align  the  boxes.  The  proper  placement 
of  the  components  within  the  three  boxes  (e.g.,  the  lens  system,  laser  and 
camera)  should  be  accomplished  at  the  manufacturing  facility  prior  to  instal- 
lation. Field  alignment  of  the  laser,  lens  and  camera  within  the  rigid 
mounting  frame  will  be  accomplished  by  precision  locating  pins  and  checked 
by  simple  bore  sighting.  However,  alignment  pins,  if  properly  used,  may  be 
sufficient  to  effect  the  alignment.  Figure  20  shows  a  schematic  of  the 
optical  component  of  the  vidicon  system. 
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Figure  20 
SCHEMATIC  OF  VIDICON  SYSTEM  OPTICAL  COMPONENT 


The  laser  box  is  a  self  contained  unit  which  is  shielded  from  the 
environment.  Because  the  condensors  in  the  laser  power  supply  generate  heat, 
a  circulating  fan  is  required  to  control  the  temperature.  If  outside  air 
is  circulated,  it  must  be  filtered  prior  to  introduction  to  the  box.  These 
filters  must  be  changed  daily,  because  of  the  dusty  environment  likely  to  be 
encountered  at  an  aggregate  plant.  High  humidity  conditions  may  also  present 
a  problem,  but  the  extent  is  not  apparent. 

An  ultra  violet  (UV)  laser  (nitrogen  gas)  is  used  in  this  application 
because  it  can  be  pulsed  continuously  and  does  not  require  a  cool  down  period 
after  each  pulse.  Used  in  conjunction  with  a  UV  sensitive  camera  it  provides 
good  resolution  of  the  small  particle  sizes.  Power  required  for  laser  opera- 
tion is  110  volt  AC. 

The  beam  chopper  is  a  segmented  mirror  disc  rotated  at  a  constant  rate, 
on  the  order  of  300  to  600  RPM.  The  timing  of  the  laser  pulses  is  controlled 
by  the  rotation  of  the  chopper  so  that  the  light  beam  alternately  reflects 
from  the  mirror  and  passes  through  the  non-reflecting  segment.  This  essen- 
tially shares  the  light  beam  between  the  two  optical  systems. 

Sizing  requirements  for  aggregate  gradation  analysis  dictate  the 
need  for  two  lens  systems  to  cover  the  total  size  range  [4  inches  (100  mm) 
to  minus  200  mesh  (0.075  mm)].  Additionally,  because  this  image  analysis 
technique  counts  and  sizes  individual  particles,  the  size  range  must  be 
extended  below  0.075  mm  to  account  for  the  majority  of  particle  weight  in 
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the  small  sizes.  A  minimum  particle  diameter  of  10  ym  is  considered  suf- 
ficient. 

The  optics  box  shown  in  Figure  20  contains  a  lens  arrangement  that  is 
intended  to  detect  particles  in  the  size  range  of  4  inches  (100  mm)  to  10  ym. 
The  lower  lens  system  is  for  the  larger  particles  and  projects  images  of 
particles  in  the  range  of  100  mm  to  1000  ym,  i.e.,  a  ratio  of  100  to  1.  The 
main  lens  for  this  size  range  has  a  focal  length  of  10  inches  (250  mm)  and 
must  be  a  converging  type  lens.  For  this  lens,  the  falling  aggregate  (object 
plane)  should  be  located  about  10  inches  (250  mm)  from  the  lens.  Field  of 
view  and  depth  of  field  are   both  about  10  inches  (250  mm),  so  that  the  sample 
volume  is  estimated  to  be  1,000  cubic  inches  (0.02  m^).  Since  the  vidicon 
target  is  approximately  0.5  inch  (12.5  mm)  square  an  optical  reduction  of 
about  20  is  needed.  The  upper  lens  system  is  for  the  small  particle  sizes, 
in  the  range  of  1,500  ym  to  10  ym.  A  diverging  type  lens  with  a  focal  length 
of  5  inches  (125  mm)  is  used  for  this  purpose.  The  object  plane  is  thus 
located  5  inches  (125  mm)  to  the  left  of  the  lens.  Field  of  view  and  depth 
of  field  are  both  approximately  1,500  ym,  and  the  sample  volume  is  estimated 
to  be  3.4  mm3.  A  magnification  of  about  500x  is  required  to  resolve  the 
smaller  particle  sizes. 

A  comparison  of  the  upper  and  lower  size  ranges  shows  that  there  is  an 
overlap  of  the  particle  sizes  detected,  between  1,000  ym  and  1,500  ym.  This 
overlapping  of  size  ranges  is  necessary  to  construct  the  entire  size  distri- 
bution from  the  distribution  obtained  for  each  size  range.  In  essence,  one 
size  range  is  normalized  with  respect  to  the  other  based  on  the  particle 
counts  in  this  overlapping  region.  This  aspect  of  data  analysis  is  further 
discussed  in  Section  7.3.4. 

Since  the  alignment  of  the  internal  optics  is  critical  to  the  opera- 
tion of  the  vidicon  system,  the  internal  optics  should  be  properly  assembled 
at  the  manufacturing  facility  and  totally  enclosed  to  prevent  misalignment. 
Environmental  conditions  at  aggregate  plants  also  dictate  the  need  for  a 
hermetically  sealed  optical  arrangement  to  prevent  the  build-up  of  dust, 
moisture  or  corrosive  materials  on  the  internal  optics  which  could  cause 
erroneous  size  measurements  and  lens  damage.  The  optics  box  could  be  filled 
with  nitrogen  gas  for  the  purpose  of  humidity  control.  Ambient  temperature 
ranges  of  -20  to  100OF  (-29  to  38°C)  should  not  affect  the  optics  unless 
the  optical  bench  tends  to  misalign  in  this  temperature  range.  Metals  with 
low  coefficients  of  thermal  expansion  should  be  used  in  the  construction  of 
the  optical  system  framework. 

Although  not  specifically  shown  in  Figure  20,  the  optical  windows  on 
either  side  of  the  sensing  zone  should  be  equipped  with  an  air  purge  system 
to  prevent  the  build-up  of  dust.  Air  purge  systems  are  frequently  used  in 
conjunction  with  transmissometers  to  protect  the  viewing  windows  when 
monitoring  particulate  stack  emissions.  Various  companies  such  as  Lear 
Siegler,  Inc.,  and  Dynatron,  Inc.,  manufacture  air  purge  systems  which 
are  easily  adaptable  to  the  vidicon  system. 
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A  video  camera  sensitive  to  light  in  the  ultra-violet  region  of  the 
spectrum  is  used  because  the  nitrogen  gas  laser  emits  light  in  this  spectral 
range.  With  this  light  source  and  a  UV  sensitive  camera,  the  effects  of 
variations  in  the  background  lighting  are  minimized.  In  addition,  good 
resolution  of  the  smaller  particle  sizes  is  accomplished.  As  previously 
mentioned,  it  is  not  apparent  that  this  light-camera  arrangement  is  the  only 
workable  design.  Various  light  source-camera  arrangements  should  be  consi- 
dered through  experimental  work. 

The  camera  is  contained  within  an  enclosure  suitable  for  the  operating 
environment.  The  alignment  of  the  camera  within  the  enclosure  is  accomplished 
at  the  manufacturing  facility  and  is  not  to  be  adjusted  in  the  field.  An  air 
circulating  fan  is  required  to  control  the  temperature  within  the  camera  box. 
Since  the  fan  brings  in  ambient  air  from  the  dusty  environment,  the  air  must 
be  filtered  prior  to  circulation.  Filter  elements  should  be  changed  frequently. 

7.3.4  Discussion  of  the  Central  Analysis  Station 

Clear  particle  images  are  readily  captured  by  the  vidicon  camera  if 
material  is  presented  to  the  camera  in  the  proper  manner  and  the  light  source 
is  pulsed  to  stop  the  particles'  motion.  Proper  presentation  entails  an 
adequately  dispersed  stream  of  particles  focused  within  the  field  of  view. 
Figure  21  presents  photographs  of  the  video  monitor  screen  to  illustrate  the 
clarity  of  the  images  of  falling  aggregate.  The  magnification  is  14x  and  the 
true  scale  on  the  reticule  is  0  to  25,000  urn  (i.e.,  50  times  that  shown)  for 
both  photographs.  It  can  be  seen  in  Figure  21a  that  particles  as  small  as 
160  Mm  and  as  large  as  6  mm  are  contained  in  this  aggregate  sample.  These 
photographs  represent  two  frames  which  would  be  analyzed  after  each  pulse  of 
the  laser  as  the  aggregate  falls. 

An  important  aspect  of  this  overall  sizing  method  is  the  ability  to 
count,  size  and  further  analyze  the  images  formed  on  the  vidicon.  As  stated 
in  Section  7.0,  the  image  analysis  electronic  hardware  and  data  processing 
hardware  are  commercially  available  for  special  sizing  applications.  Since 
1973,  the  field  of  image  analysis  has  perhaps  seen  the  fastest  growth  rate  of 
all  rapid-response  instruments  for  size,  shape  and  texture  analysis  (Davies, 
1978).  There  is  no  doubt  that  this  still  developing  technology  can  be  extended 
to  the  aggregate  sizing  application.  However,  it  would  appear  that  a  good 
deal  of  additional  development  of  special  purpose  electronic  hardware  and 
computer  software  may  be  necessary  to  provide  size  distribution  results 
comparable  with  sieve  analysis  results. 

A  number  of  particle  parameters  can  be  obtained  from  the  vidicon 
information  such  as  shape,  perimeter  mmeasurements  and  various  diameter 
measurements.  Common  diameter  measurements  derived  from  image  analysis 
include: 
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Figure  21 
PHOTOGRAPHS  OF  THE  VIDEO  MONITOR  SCREEN 

a)  Still  images  of  falling  mixture  of  road  chips  and  sand.; 

b)  Still  images  of  falling  concrete  sand.  The  magnification  is  14x  and  the 
true  scale  on  the  reticule  is  0  to  25,000  urn  (i.e.,  50x  that  shown)  for 
both  photographs. 
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Feret's  Diameter  -  the  distance  between  parallel  pairs  of  tangents 
drawn  perpendicular  to  the  fixed  direction  of  scan. 

Martin's  Diameter  -  the  mean  chord  length  parallel  to  the  fixed 
direction  of  scan  which  divides  the  image  into  two  equal  areas. 

Projected  Area  Diameter  -  the  diameter  of  a  circle  enclosing  the 
same  area  as  the  projected  image. 

Since  the  raster  scan  is  usually  horizontal,  the  Feret's  diameter  is  a  simple 
measure  of  particle  size  since  the  orientation  of  the  particle  image  need  not 
be  known.  In  this  respect,  less  computer  analysis  is  required  for  this 
determination  than  the  analysis  required  to  determine  the  minimum  linear 
diameter  where  the  particle  orientation  must  be  known  (Figure  21b).  The 
sophistication  of  the  computer  software  increases  if  the  orientation  of  the 
particle  must  be  known.  Probably,  the  minimum  linear  diameter  as  shown  in 
Figure  21b  would  be  a  comparable  measure  of  particle  size  relative  to  the 
size  measurement  accomplished  by  sieving. 

Another  feature  which  should  be  incorporated  into  the  logic  circuit  is 
the  ability  to  distinguish  between  in  focus  and  out  of  focus  particles.  This 
is  done  by  monitoring  the  scanning  line  voltage.  If  a  particle  is  perfectly 
in  focus,  the  response  is  such  that  a  discrete  square  wave  signal  is  generated 
which  indicates  a  very   sharp  edge  on  the  image  and  that  the  image  is  dark.  A 
particle  somewhat  out  of  focus  does  not  have  well  defined  edges  and  the  image 
is  not  as  dark  (lower  gray  level).  The  scan  response  is  such  that  a  discrete 
signal  is  not  generated,  i.e.,  the  wave  form  is  rounded.  The  slope  of  this 
wave  form  can  be  detected,  and  if  a  particle  is  not  too  far  out  of  focus,  a 
correction  can  be  made  for  particle  size.  For  example,  a  20  ym  particle 
which  appears  somewhat  out  of  focus  can  be  counted  as  a  15  ym  particle  in 
focus.  This  particle  recognition  feature  is  generally  included  in  the  logic 
circuitry  of  image  analysis  systems. 

Because  there  are   two  cameras  with  different  focal  length  lenses 
in  the  vidicon  system  designed  for  aggregate  size  analysis,  two  additional 
features  must  be  included  in  the  computer  software  so  that  the  entire 
size  distribution  can  be  determined  accurately.  This  is  required  to  account 
for  the  difference  in  depth  of  field  and  magnification.  The  depth  of  field 
for  the  larger  aggregate  sizes  is  10  inches  (250  mm)  while  the  depth  of  field 
for  the  fine  sizes  is  about  0.06  inches  (1,500  ym).  To  account  for  this 
difference,  the  particle  counts  in  the  finer  size  range  should  be  adjusted 
by  the  ratio  of  the  two  depths  of  field.  Since  the  field  of  view  is  greater 
when  viewing  the  large  particle  size  range  than  the  field  of  view  for  the 
small  size  range,  the  particle  counts  must  be  normalized  to  arrive  at  an 
integrated  size  distribution  covering  the  range  of  4  inches  (100  mm)  to  10  ym. 
The  size  ranges  detected  in  the  two  fields  of  view  overlap  in  the  region  of 
1,000  to  1,500  ym  so  that  the  total  distribution  can  be  constructed. 
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Particles  are  counted  within  the  overlapping  region  for  each  field  of 
view.  These  counts  must  be  totalled  separately  and  stored  for  use  at  the  end 
of  the  analysis  period.  At  that  time,  the  particle  counts  within  all  inter- 
vals of  the  upper  size  range  [4  inches  (100  mm)  to  1,000  urn]  can  be  normalized 
by  multiplying  by  the  ratio  of  the  total  particle  count  in  the  overlapping 
region  of  the  small  field  of  view  to  that  of  the  large  field  of  view.  For 
example,  assume  that  2,000  particles  were  counted  in  the  interval  of  1,000  to 
1,500  pm  for  the  small  field  of  view.  During  the  same  period,  1,000  particles 
are  counted  in  the  interval  of  1,000  to  1,500  ym  for  the  large  field  of  view. 
Thus,  if  4  particles  were  counted  in  the  interval  of  4  inches  (100  mm)  to  2 
inches  (50  mm)  then  this  count  must  be  multiplied  by  the  ratio  of  2,000  to 
1,000  or  2.  The  correct  number  of  particles  which  were  larger  than  2  inches 
(50  mm)  but  less  than  4  inches  (100  mm)  would  thus  be  8.  Within  the  large 
particle  size  range  [4  inches  (100  mm)  to  1,000  urn],  each  selected  size 
interval  would  have  the  corresponding  particle  count  normalized  in  this 
manner. 

From  the  particle  size  measurements  and  the  corresponding  counts,  the 
distribution  of  particles  by  weight  can  be  established  by  assuming  particle 
shape  and  density.  If  it  is  assumed  that  particle  density  is  constant  and 
that  the  particles  approximate  spheres,  each  particle  is  assigned  a  volume 
value  as  it  is  sized  and  is  deposited  in  the  appropriate  size  interval.  The 
volume  values  are  totalled  for  each  size  interval  and  divided  by  the  total 
volume  accumulated  during  the  analysis  period.  The  cumulative  weight  percent 
less  than  a  given  size  is  then  represented  by  the  volumetric  fractions. 

The  display  of  particle  size  data  would  occur  ewery   20  minutes  (as 
indicated  in  Section  4.3.3,  Analysis  Response  Time)  after  an  appreciable 
number  of  particles  are  sized.  Computer  output  could  be  in  the  form  of  a 
cathode  ray  tube  display  or  hard  copies  of  the  size  distribution  by  using  a 
thermal  printer.  A  typical  printout  would  consist  of  an  appropriate  title 
(e.g.,  aggregate  type,  name  of  processing  facility,  date,  time,  etc.),  the 
particle  size  ranges  as  dictated  by  the  specification,  and  the  calculated 
weight  percent  passing  the  corresponding  particle  size. 

This  analysis  scheme  essentially  views  all  particles  that  pass  through 
the  sensing  zone  and  are  in  focus  on  the  vidicon  camera.  The  system  scans  10 
vidicon  frames  every  second.  The  total  number  of  particles  sized  during  a  20 
minute  period  is  obviously  a  function  of  the  number  of  particles  captured  by 
the  video  camera  on  each  frame.  The  total  particle  count  will  approach  one 
million  if  an  average  of  75  images  are  retained  on  each  frame.  However,  it 
is  not  apparent  how  many  particles  will  be  in  the  sensing  volume  at  any  one 
time.  This  depends  on  the  characteristics  of  the  size  distribution  and  the 
effectiveness  of  the  feeding  mechanism.  Since  there  will  be  24  twenty  minute 
analysis  periods  during  an  8  hour  production  run,  it  is  apparent  that  the 
particle  count  and  weight  will  be  sufficient  to  establish  reliable  gradation 
measurements. 

Because  this  sizing  technique  is  untried  with  aggregate  material,  both 
laboratory  and  full  scale  calibration  of  the  system  is  necessary  to  replicate 
sieve  analysis  results.  That  is,  the  aggregate  feed,  the  light  pulse,  the 
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analysis  method,  etc.,  should  be  optimized  to  yield  the  best  size  distribution 
when  compared  to  the  sieve  analysis.  After  these  correlation  studies,  the 
vidicon  system  will  demonstrate  its  utility  as  a  viable  alternative  to  sieving. 

7.3.5  Installation 


Ideally,  the  mechanical  and  optical  components  of  the  vidicon  system 
would  be  installed  at  the  transfer  point  of  a  conveyor.  Each  conveyor  trans- 
porting specification  material  within  an  aggregate  plant  would  be  equipped 
with  a  measuring  device.  Figure  22  represents  a  conceptual  drawing  of  an 
aggregate  plant  with  three  measuring  devices  installed  at  the  conveyor  heads 
discharging  to  three  separate  stockpiles.  The  enlargement  of  the  sampling 
and  measuring  location  at  one  conveyor  indicates  more  detail  on  how  the 
system  i  s  instal led. 

A  typical  installation  at  the  conveyor  head  discharging  to  a  stockpile 
is  shown  in  Figure  23.  In  this  configuration,  the  sample  cutter  is  attached 
to  the  truss  of  the  product  conveyor.  The  storage  hopper,  feeding  mechanism 
and  optical  component  (analyzer)  are  supported  in  a  rigid  metal  frame.  The 
vibratory  feeder  is  placed  above  the  optical  component  so  that  the  aggregate 
feed  falls  through  the  object  plane  of  the  sensing  zone  and  accumulates  on 
the  side  of  the  aggregate  storage  pile.  The  optical  component  would  be  shock 
mounted  to  isolate  it  from  the  vibrations  of  the  vibratory  feeder  and  the 
conveyor.  Commercially  available  mountings  such  as  Earry   shock  mounts  are 
appropriate  for  this  purpose.  Support  beams  and  concrete  foundations  would 
be  erected  to  support  the  weight  of  the  mechanical  and  optical  components  of 
the  vidicon  system  and  the  rigid  metal  frame.  This  weight  is  likely  to  be 
approximately  3  tons  (2.7  Mg)  when  the  storage  hopper  is  fully  loaded. 
Stranded  galvanized  wire  rope  is  attached  above  the  storage  hopper  to  sup- 
port the  weight  of  the  rigid  frame.  The  frame  and  measurement  system  are 
suspended  by  the  steel  wire  attached  at  the  end  toward  the  stockpile  and 
stabilized  on  the  opposite  end  by  bolting  the  frame  to  the  conveyor  struc- 
ture. In  this  manner,  the  conveyor  structure  does  not  support  the  weight 
of  the  measuring  system  and  the  metal  frame  is  maintained  in  a  level,  stable 
position. 

From  the  point  of  attachment  to  the  conveyor,  the  frame  extends  about 
5  feet  (1.5  m)  vertically  below  the  conveyor  and  8  feet  (2.4  m)  horizontally 
toward  the  head  pulley  of  the  conveyor.  The  width  of  the  metal  frame  is  the 
same  as  the  width  of  the  conveyor  structure,  approximately  3  feet  (0.9  m)  in 
this  case.  The  frame  is  essentially  open,  except  for  a  sloping  corrugated 
steel  roof  which  covers  the  feed  hopper  and  the  optical  component.  As  shown 
in  Figure  23,  a  platform  area  is  provided  adjacent  to  the  optical  component 
with  a  ladder  for  access  to  the  platform. 

To  gain  access  to  the  measurement  location  for  maintenance  and  repair, 
a  catwalk  shown  on  one  side  of  the  total  length  of  the  conveyor  extends  9 
feet  (2.7  m)  from  the  head  pulley  on  the  opposite  side  (see  plan  view,  Figure 
23).  The  catwalks  are  installed  with  non-skid  grating  and  hand  rails. 
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Figure  23 
TYPICAL  ARRANGEMENT  OF  VIDICQN  SYSTEM  MOUNTING 
AT  HEAD  END  OF  PRODUCT  CONVEYOR 
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An  alternate  installation  arrangement  is  shown  in  Figure  24.  Here  the 
rigid  support  frame  is  ground  supported  by  tubular  columns  at  right  angles  to 
the  conveyor  axis.  This  installation  is  recommended  where  there  is  an  acces- 
sible transfer  point  near  the  ground  or  where  the  conveyor  can  be  modified  as 
shown  to  accommodate  the  sample  cutter  head.  The  sample  cutter  thus  traverses 
the  width  of  the  conveyor  belt.  Material  which  was  sampled  and  tested  is 
piled  at  the  base  of  the  ground  support  and  periodically  removed  by  front 
end  loader.  Obviously,  this  installation  configuration  is  more  accessible 
for  maintenance  and  repair  of  the  measuring  system.  Also,  the  labor  and 
materials  for  installation  are  greatly  reduced  over  that  required  for 
installation  at  the  conveyor  head  pulley. 

This  general  discussion  of  installation  requirements  is  intended  to 
show  only  the  method  of  installation  and  not  specific  structural  requirements. 
The  actual  installation  scheme  will  have  to  be  tailored  to  the  specific 
location.  However,  several  important  considerations  are  highlighted  in  this 
discussion.  Because  the  particle  sizing  method  dictates  the  need  for  a  dis- 
persed, low  flow  aggregate  stream,  a  method  of  presenting  material  to  the 
sensor  is  needed.  In  turn,  the  appropriate  feeding  mechanism  greatly  in- 
creases the  size  and  weight  of  the  measurement  system.  The  weight  of  the 
optical  component  (laser,  optics  and  camera)  amounts  to  about  500  pounds  (225 
kg),  while  the  total  measurement  system  might  weigh  as  much  as  3  tons  (2.76 
Mg).  This  cannot  generally  be  supported  by  existing  conveyor  structures. 
Thus,  it  must  be  supported  by  a  separate  structure  at  the  conveyor  or  ground 
mounted.  Also,  by  supporting  the  measurement  system  at  the  head  pulley 
of  the  conveyor,  it  is  apparent  that  access  for  repair,  service,  and  main- 
tenance needs  to  be  provided. 

While  the  volumetric  feeding  mechanism  which  was  previously  described 
has  the  potential  to  meet  the  design  goals,  the  advantage  of  the  feeding 
mechanism  cannot  be  realized  except  through  field  testing.  If  a  degree  of 
particle  coincidence,  agglomeration  and  segregation  can  be  tolerated  and 
does  not  significantly  affect  the  testing  results,  then  a  less  sophisticated 
feeding  mechanism  should  be  devised.  This  would  greatly  reduce  the  size  and 
weight  of  the  measuring  system,  resulting  in  an  obvious  reduction  in  instal- 
lation and  equipment  costs. 

7 .4    Reliability  of  the  Vidicon  System 

Reliability  of  equipment  can  be  determined  essentially  by  two  means. 
One  method  relies  on  experience  with  the  equipment  in  an  environment  and  use 
similar  to  the  one  in  which  the  reliability  is  to  be  determined.  The  other 
is  based  on  a  program  of  reliability  obtained  by  performing  a  statistical 
analysis  on  the  individual  components,  subsections  and  sections  that  comprise 
the  overall  equipment.  This  latter  method  defines  reliability  in  terms  of 
the  mean  time  between  failures  (MTBF)  and  maintainability  expressed  as  mean 
time  to  repair  (MTTR).  The  MTBF  is  calculated  based  on  a  knowledge  of  all  of 
the  component  parts  and  their  likelihood  of  failure  under  a  given  set  of  use 
conditions.  The  MTTR  is  based  on  a  knowledge  of  the  mode  of  failure,  the 
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spare  parts  and  special  tools  available,  extent  of  diagnostic  tools  available, 
accessibility  of  the  equipment,  and  the  skill  and  training  of  the  maintenance 
personnel . 

In  the  area  of  electronics  and  electro-optics,  this  art  is  highly 
developed  where  data  on  failure  rates  under  specified  operating  stress  are 
available.  For  mechanical  parts  the  application  of  these  techniques  is  not 
nearly  as  developed,  principally  due  to  the  unique  characteristics  of  many 
mechanical  components.  Nevertheless,  these  techniques  are  widely  practiced 
especially  in  Department  of  Defense  programs  and  they  do  yield  useful  data 
concerning  the  expected  reliability  of  the  system.  The  data  can  provide  an 
overall  expected  statistical  reliability  and  can  pinpoint  components,  sub- 
sections, or  sections  of  the  equipment  where  resources  might  be  directed 
to  improve  their  reliability  and  hence  that  of  the  overall  equipment. 

A  reliability  investigation  using  these  techniques  was  undertaken  on 
this  project.  It  must  be  noted  that  these  techniques  only  forecast  relia- 
bility on  a  statistical  basis.  Any  one  system  could  be  expected  to  have  some 
variation  from  these  mean  figures.  In  the  case  of  the  vidicon  system  the 
projection  is  more  tenuous  than  for  equipment  that  has  already  been  designed 
and  for  which  there  are  detailed  part  descriptions,  failure  data  under 
stress,  and  a  detailed  parts  count. 

Since  the  vidicon  system  is  now  only  at  the  conceptual  design  phase, 
it  was  not  possible  to  employ  the  rigorous  analytical  procedures  that  are 
used  when  the  system  components  are  known.  Recourse  must  then  be  made  to 
comparing  sub-sections  or  sections  of  the  equipment  with  field  failure 
information  of  similar  sub-sections  or  sections  of  equipment  for  which  such 
data  is  available.  The  resultant  methodology  is  a  hybrid  technique  employing 
something  from  true  MTBF  and  MTTR  calculations  and  that  of  experienced  field 
results. 

This  analysis  indicates  an  MTBF  of  22  operating  days,  meaning  that 
some  part  of  the  system  will  cause  interruption  of  the  operation  of  the 
overall  system  about  once  per  month.  The  MTTR  was  calculated  to  be  2.07 
hours.  The  system  sections  that  are  expected  to  cause  this  failure  most 
often  are,  according  to  the  analysis,  the  sample  cutter,  computer  analyzer, 
and  thermal  printer. 

7.5    Costs  of  the  Vidicon  System 

As  explained  elsewhere  in  this  report,  there  is  no  established  selling 
price  for  this  system  since  it  is  at  this  time  a  conceptual  system.  It  must 
undergo  several  additional  stages  before  the  final  design  is  available  and 
acquisition  prices  accurately  determined.  The  same  is  true  for  annual 
operation  and  maintenance  costs. 

An  estimate  of  acquisition  costs  was  made  by  using  quoted  prices  on 
parts  of  the  system  already  existing  and  engineering  and  production  estimates 
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on  the  remaining  portions.  This  analysis  was  conducted  for  an  engineering 
field  model  which  would  be  the  next  step,  then  a  field  pilot  model  and 
finally  a  production  unit. 

The  result  of  this  analysis  is  shown  in  Table  6.  The  Engineering  Model 
will  be  capable  of  being  evaluated  in  the  field  since  it  is  felt  that  a 
laboratory  model  cannot  adequately  deal  with  the  present  principal  system 
problems.  Since  the  pilot  model  will  incorporate  modifications  to  correct 
deficiencies  found  in  field  testing  with  the  Engineering  Model,  it  will  be 
better  packaged,  and  there  will  be  two  sensing  systems,  one  for  each  of  two 
product  lines.  The  production  units  would  of  course  be  fully  packaged  and 
incorporate  all  the  design  changes  found  from  field  tests  of  the  Pilot  Model. 
The  estimated  prices  shown  for  production  units  cover  a  system  for  automa- 
tically inspecting  five  product  lines  at  an  aggregate  production  facility. 

7.5.1  Operation  and  Maintenance  Costs 

Based  on  MTBF  and  MTTR  calculations  noted  earlier,  projections  of 
annual  maintenance  costs  were  made.  For  a  system  which  automatically  in- 
spects five  product  lines  the  estimated  annual  maintenance  cost  was  $14,000. 

The  operational  expense  involves  motive  power  to  the  sample  cutter  and 
feeder  and  electrical  power  to  the  laser  and  analyzer.  These  costs,  based  on 
2,000  hours  annual  operation  with  electrical  energy  at  $0.05  per  KWH,  come  to 
approximately  $4,000. 

Combined  projected  0&M  cost  for  a  5-product  system  is  then  $18,000, 
or  about  9  percent  of  acquisition  cost. 

7.5.2  Cost  per  Gradation  Determination 

Based  on  estimated  equipment  capital  costs  installed  ($212,000)  and 
0&M  costs  ($18,000)  a  projection  of  the  cost  per  gradation  determination  was 
made.  This  was  for  a  system  which  monitors  five  product  lines  and  prints  the 
gradation  results  every   20  minutes.  On  this  basis,  there  are   15  gradation 
determinations  displayed  every   hour  for  a  system  which  is  operational  2,000 
hours  annually. 

Assuming  an  interest  rate  of  10  percent  and  the  term  of  the  loan  as  15 
years,  the  capital  recovery  factor  is  0.132.  The  annualized  equipment  cost 
is  then: 


AC  =  0.132P  +  M 

where  AC  =  annualized  cost 

P  =  present  value  of  the  loan 
M  =  annual  0&M  costs 
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Table  6 
ESTIMATED  COST  IN  $(OOQ)  FOR  VIDICON  SYSTEM 


Sample  Section 

Eng. 

Field  Model 

Pilot 
Cost 

Model 
(lst)l 

Production 

Eng. 

Material 

Eng. 

Material 

Costs  After 
Production^ 

Sample  Handling 

$  20 

$  11 

$  5 

$  20 

$  40 

Optic  &  Controls 

80 

110 

40 

220 

125 

Analysis 

80 

603 

20 

60 

15 

Packaging 

10 

5 

10 

10 

10 

Installation 

10 

5 

2 

10 

22 

Field  Testing 

30 

30 

TOTALS 

$230 

$191 

$107 

$320 

$212 

^•Based  on  a  field  installation  covering  two  product  lines. 
^Based  on  a  field  installation  covering  five  product  .lines. 
^One  analysis  station  can  serve  five  product  lines  on  a  time  multiplexed 
basis. 


-107- 


Thus, 


AC  =  0.132  ($212,000)  +  $18,000 
=  $45,984 


The  estimated  cost  per  gradation  determination  is: 

Cost  per  gradation  determination  =       *     ' — t-f- 

=     $1.53 

The  unit  cost  of  a  gradation  determination  ($1.53)  as  calculated  above 
should  not  be  directly  related  to  the  present  costs  incurred  by  highway  agen- 
cies or  aggregate  producers  which  use  manual  sampling  and  analysis  procedures. 
With  the  five  monitor  system  there  are  30,000  gradations  analyzed  annually. 
This  analysis  frequency  is  much  greater  than  the  frequency  resulting  from  the 
manual  methods,  and  accounts  for  the  relatively  low  cost  per  gradation  deter- 
mination for  the  vidicon  system. 
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8.0  OPTICAL  SHADOWING  -  FOXBORO  MODEL  95  PSD,  PARTICLE  SIZE  DISTRIBUTION 
TRANSMITTER  (FOR  PROCESS  CONTROL^ 

The  optical  shadowing  technique  used  in  the  Foxboro  Company's  Model  95 
PSD  was  not  available  for  study  until  the  introduction  of  the  95  PSD  at  the 
International  Mining  Show  in  Las  Vegas  in  the  fall  of  1978.  Consequently, 
this  optical  technique  was  a  late  addition  to  the  list  of  promising  methods 
for  automatic  process  control  of  aggregate  gradation.  What  makes  the  Foxboro 
system  a  candidate  in  this  search  is  that  it  is  a  commercially  available 
particle  size  distribution  measuring  instrument  designed  expressly  for  the 
mining  and  mineral  industry.  However,  current  applications  are  fairly 
limited  because  only  a  few  field  tests  have  been  run  to  date  and  a  limited 
number  of  instruments  (i.e.,  -20)  have  been  manufactured.  The  material 
tested  was  crushed  siltstone  for  rock  fill  and  iron  pellets.  The  system  was 
originally  developed  at  the  Julius  Kruttschnitt  Mineral  Research  Centre, 
University  of  Queensland,  Australia,  to  monitor  the  size  distribution  of 
particles  transported  on  a  conveyor  belt. 

8. 1  Operating  Principles  of  the  Optical  Shadowing  Technique 

The  95  PSD  sizes  particles  by  measuring  the  difference  in  reflectivity 
of  particles  and  the  shadows  between  them  on  a  conveyor  belt.  In  order  to 
maximize  this  contrast,  the  surface  of  the  material  is  illuminated  at  low 
angles.  This  arrangement  casts  shadows  that  form  dark  regions  or  gaps 
between  the  particles.  Positioned  above  the  conveyor  belt  and  between  the 
two  lamps  used  for  low  angle  illumination  is  the  particle  size  sensor  which 
consists  of  an  imaging  lens,  two  photodetectors  and  preamplifiers  that  are 
connected  to  the  data  processing  unit  (Figure  25).  > 

The  image  analysis  process  of  the  Foxboro  system  involves  a  single 
observation  line  in  the  direction  of  material  movement.  The  actual  charac- 
teristic measured  is  a  random  chord  length  of  particles  which  fall  within 
this  observation  line.  The  chord  length  may  represent  the  maximum  particle 
diameter  or  only  a  fraction  of  the  diameter,  depending  on  the  particle 
orientation  within  the  line  of  observation. 

The  optical  sensor  only  "sees"  a  narrow  band  of  material  through  the 
center  of  the  conveyor  belt  (Figure  26a)  and  only  the  upper  surface  of  the 
material.  The  two  photodetectors  sense  high  light  intensity  reflected  from 
the  particles  or  low  light  intensity  where  the  gaps  are   dark  with  shadows. 
The  signal  from  the  optical  detector  is  converted  to  an  electric  analog 
signal  (Figure  26b). 

From  an  average  value  of  this  analog  signal,  the  instrument  determines 
a  discrimination  or  threshold  level.  A  comparator  then  generates  a  binary 
signal  or  pulse  train  from  the  analog  signal:  every   point  above  the  discrimi- 
nation level  is  in  a  single  high  energy  state  while  all  points  below  the  dis- 
crimination level  are  in  a  single  low  energy  state.  The  result  is  a  square 
waveform  representing  particles  separated  by  their  shadows  (Figure  26c). 
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Figure  25 
SIMPLIFIED  BLOCK  DIAGRAM  OF  PARTICLE  SIZE  DISTRIBUTION  TRANSMITTER 

(The  Foxboro  Company) 
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Figure  26 
GENERATION  OF  PARTICLE  SIGNALS  ALONG  OBSERVATION  LINE 

a)  Top  View  of  Conveyor  Belt  Showing  95  PSD  Observation  Line; 

b)  Electric  Analog  Signal  Derived  From  Optical  Detector; 

c)  Binary  Signal  Derived  From  Electric  Analog  Signal 

(The  Foxboro  Company) 
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When  a  particle  moving  on  the  conveyor  belt  comes  into  the  photodetec- 
tor's  view,  the  resulting  binary  signal  jumps  to  the  high  state.  As  soon  as 
the  particle  leaves  the  field  of  view,  the  binary  signal  jumps  back  down  to 
the  low  state.  The  length  of  time  this  high  energy  state  endures,  multiplied 
by  the  speed  of  the  conveyor  belt  and  the  magnification  factor  of  the  imaging 
lens  yields  the  chord  length  of  the  particle  that  produced  the  signal. 

However,  determination  of  particle  length  by  this  method  depends  on 
a  constant  conveyor  belt  speed.  In  practice,  the  conveyor  speed  can  vary 
enough  to  cause  inaccurate  measurement.  To  avoid  such  inaccuracies,  there 
are  two  photodetectors  in  the  sensor  unit  at  a  fixed  distance  (d)  apart. 
They  are  in  line  with  the  belt  direction  and  are  arranged  symmetrically 
about  the  imaging  lens.  Because  of  this  geometry,  each  photodetector  "sees" 
the  same  particles  and  produces  the  same  pulse  train,  except  that  one  is 
delayed  in  time  by 

d 
(m)(VB) 

where  m  is  a  constant  magnification  factor  depending  on  the  imaging  lens  used 
and  Vg  is  the  belt  speed.  The  time  delay  (t)  measured  from  the  offset  in 
the  leading  and  lagging  photodetector  pulse  train  (Figure  27)  will  yield 
the  true  belt  speed,  Vg,  for  a  particular  particle  at  the  time  that  parti- 
cle was  measured.  Using  one  of  the  pulse  trains  and  this  calculated  belt 
speed,  the  processing  unit  determines  particle  length  independent  of  any 
variations  in  belt  speed. 
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Figure  27 
PHOTODETECTOR  PULSE  TRAINS 
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Simply  speaking,  the  chord  length  data  for  each  particle  is  stored  in 
one  of  six  pre-determined  memory  "boxes".  The  operator  can  select  six  chord 
lengths  within  the  .1  to  12  in.  (3  to  300  mm)  size  range.  For  each  of  the 
six  size  ranges  selected,  increments  of  particle  area  are  deposited  into  each 
of  these  size  categories;  area  is  defined  by  the  measured  chord  length  ana 
the  width  of  the  observation  line.  The  size  distribution  is  thus  determined 
by  dividing  the  areas  contained  in  each  of  these  boxes  by  the  total  area 
detected  during  the  observation  period.  However,  the  width  of  the  observa- 
tion line  is  fixed,  which  renders  all  particles  the  same  width  in  the  eyes  of 
the  optics  of  the  system.  Thus,  the  real  differences  measured  are  in  chord 
lengths.  The  signal  processor  then  generates  the  cumulative  percent  by  length 
of  the  particles  in  a  given  set  of  particles  less  than  the  pre-determined 
chord  length.  That  is,  the  output  for  each  of  the  six  pre-determined  chord 
lengths  is  100  times  the  sum  of  all  measured  chords  less  than  a  specified 
chord  divided  by  the  sum  of  all  chord  lengths,  regardless  of  size.  For 
signal  processing  purposes,  a  set  of  particles  is  all  the  particles  the 
sensor  views  in  1.5  seconds.  The  output  signal  is  weighted  in  favor  of  the 
latest  set  of  particles  while  the  effect  of  earlier  particles  diminishes 
exponentially  with  time.  This  averaging  process  tends  to  smooth  out  natural 
fluctuations  in  the  size  distribution.  The  operator  can  choose  between  two 
exponential  rates  for  standard  response  time  (5  minutes)  or  fast  response 
time  (0.5  minutes).  The  results  can  be  displayed  as  a  two-digit  percentage 
value,  or  on  a  strip  chart  recorder. 

In  theory,  the  measured  chord  length  could  be  converted  to  particle 
diameter  by  assuming  particle  shape  which,  in  turn,  could  be  converted  to  a 
volumetric  measurement  by  again  assuming  particle  shape.  The  volumetric  size 
distribution  so  established  will  approximate  amass  distribution  if  particle 
density  is  assumed  constant  for  all  particle  sizes.  In  practice,  the  measured 
chord  lengths  are  used  to  construct  a  size  distribution  based  on  the  area 
increments  added  to  each  chosen  size  category  and  the  summation  of  all  area 
increments  measured.  This  chord  length  size  distribution  must  then  be  re- 
lated to  the  mass  distribution  through  empirical  correlation. 

The  accuracy  of  this  technique  is  claimed  to  be  +  1  percent  under 
reference  operating  conditions.  That  is  the  particle  size  distribution  once 
established  is  thought  to  be  correct  within  _+  1  percent  of  the  value  of  any 
individual  size  fraction  percent.  If  the  instrument  reads  30  percent  passing 
1  inch  (25.4  mm)  the  actual  value  is  in  the  range  of  29  to  31  percent  passing. 
Accuracy  also  depends  upon  the  use  of  the  right  lens  for  the  particle  size 
range  of  interest.  There  are  two  lenses  available.  One  has  an  optical 
resolution  of  0.02  in.  (0.5  mm)  at  ±  0.6  in.  (15  mm)  depth  of  focus.  The 
other  has  an  optical  resolution  of  0.08  in.  (2  mm)  at  ±  5.4  in.  (137  mm) 
depth  of  focus. 

Although  the  95  PSD  was  designed  for  dry  material,  it  should  work 
equally  well  on  wet  material  (Vignos,  1979,  personal  communication).  Since 
the  optics  of  the  system  depend  on  a  reference  level  of  light  reflectivity, 
only  combined  wet  and  dry  material  would  present  problems.  At  least  5  percent 
of  the  particles  being  measured  must  exceed  a  chord  length  of  0.4  in.  (10 
mm).  The  processing  capacity  of  the  computer  imposes  this  limitation.  In 
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essence,  the  computer  is  not  capable  of  counting  and  sizing  the  large  number 
of  particles  likely  to  be  present  in  a  fine  sized  distribution.  Also,  better 
shadow  information  is  obtained  from  larger  particles. 

Both  the  sensing  unit  and  the  processing  unit  are  fairly  compact.  The 
sensor  head  (Figure  28),  which  includes  the  two  light  sources,  is  approxi- 
mately 60  inches  long,  11.5  inches  high  and  10  inches  wide  (1.4  m  x  300  mm 
x  250  mm).  The  processor  in  its  mounting  frame  is  approximately  20  inches 
long,  23  inches  high,  and  12  inches  wide  (510  x  590  x  300  mm).  The  sensor 
weighs  84  lbs.  (38  kg.);  the  processor  and  frame  weigh  100  lbs.  (45  kg.). 
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Figure  28 

F0XB0R0  95  PSD  SENSOR  UNIT 

(The  Foxboro  Company) 
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The  operating  specifications  provided  by  the  manufacturer  dictate  a 
maximum  30  ft.  (10  mm)  of  wire  between  the  sensing  unit  and  the  processing 
unit.  At  distances  greater  than  this,  the  signal  to  noise  ratio  is  too  low 
for  accurate  signal  analysis.  However,  the  background  noise  at  greater 
distances  can  be  overcome  by  simply  increasing  the  signal  amplitude.  Also, 
to  optimize  use  of  the  fixed  lens  depth  of  focus,  the  bottom  of  the  sensor 
should  be  24.0  in.  (60  cm)  above  the  surface  of  the  particle  stream.  The 
long  dimension  of  the  sensor  head  must  be  placed  in  the  same  direction  as  the 
motion  of  the  conveyor  belt. 

8.2    Discussion  of  the  Optical  Shadowing  Technique 

Since  the  Foxboro  optical  shadowing  system  has  not  been  tested  thor- 
oughly in  field  applications,  there  are  questions  concerning  its  efficacy 
as  a  sizing  method.  The  precise  relationship  between  the  distribution  of 
particle  chord  lengths  and  the  distribution  derived  from  standard  sieving 
techniques  has  not  been  examined  in  detail.  Also,  the  relationship  between 
the  particle  chord  length  measured  and  the  actual  particle  size  (i.e.  dia- 
meter) remains  to  be  tested.  Because  the  sensor  views  only  a  narrow  band 
of  material,  the  chord  length  measured  on  an  elongated  particle  could  vary 
significantly  with  the  orientation  of  the  particle.  On  the  assumption  that 
particles  are  roughly  spherical,  a  comparison  between  chord  length  and 
particle  diameter  is  possible.  A  sieve  size  analysis  selects  on  the  basis 
of  diameter  (D),  while  the  random  chord  measurement  selects  ideally  on  the 
basis  of  the  average  chord  length  (L)  of  the  projected  area  of  the  sphere. 
Equating  the  projected  area  of  a  sphere  (^2/4)  to  the  area  defined  by 
the  chord  length  measurement  (LD),  shows  that  for  equal  area  L=  (^M)  D. 
Ideally,  this  should  be  the  relationship  between  chord  length  and  particle 
diameter,  but  it  is  based  on  the  assumptions  of  particle  shape  and  orienta- 
tion and  is  only  valid  if  a  large  number  of  particles  is  observed. 

A  number  of  these  tests  were  performed  with  the  research  prototype 
of  the  95  PSD  to  verify  its  operation  (Vignos,  et  al . ,  1978).  Six  batches 
of  iron  ore  pellets  were  sized  with  the  prototype  system  to  arrive  at  the 
cumulative  distribution  curves  shown  in  Figure  29.  This  figure  graphicaly 
represents  the  95  PSD  output  in  terms  of  cumulative  percentage  of  the  number 
of  particles  less  than  the  selected  chord  length.  The  same  six  batches  of 
iron  ore  pellets  were  also  subjected  to  standard  sieve  analyses  to  arrive 
at  the  cumulative  distribution  curves  shown  in  Figure  30.  This  figure  rep- 
resents the  sieve  analysis  results  in  terms  of  cumulative  weight  percent 
passing  the  given  sieve  size.  For  purpose  of  comparison,  Figure  31  illus- 
trates the  correlation  of  these  two  sets  of  data  at  three  fixed  points  on 
the  distribution  curves,  i.e.  30  percent,  50  percent  and  70  percent  passing 
or  less  than  the  selected  size.  From  this  experimental  data,  it  appears 
that  based  on  the  selection  parameters  chord  length  and  particle  diameter, 
the  slope  of  the  curves  for  a  given  point  on  the  size  distribution  curves 
roughly  approximates  V4.  If  the  comparison  between  the  two  data  sets  is 
made  for  several  samples  at  fixed  selection  points  (particle  size),  and  it 
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PSDT  OUTPUT  VS.  CHORD  LENGTH 

(Vignos,  et  al . ,  1978) 
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Figure  30 
SIEVE  ANALYSIS  VS.  SIEVE  SIZE 
(Vignos,  et  al . ,  1978) 
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Figure  31 
CHORD  LENGTH  VS.  SIEVE  SIZE 
(Vignos,  et  al . ,  1978) 
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is  assumed  that  the  slopes  of  the  two  cumulative  distribution  curves  at  the 
fixed  selection  point  are  approximately  the  same,  then  the  slope  of  the  95 
PSD  output  (number  percent  passing)  versus  the  sieve  analysis  (weight  percent 
passing)  should  also  approximate  V4.  It  is  possible  that  the  distribution 
curves  may  be  brought  into  approximate  coincidence  by  the  transformation  L  = 
(V^D,  but  additional  tests  are  required  to  further  verify  this  relationship. 
At  any  rate,  it  should  be  possible  to  develop  a  correlation  between  the  95 
PSD  output  and  sieve  analysis  results  if  the  chord  length  measurements  are 
proven  consistent  through  field  testing. 

However,  it  is  unreasonable  to  expect  a  one-to-one  relationship  be- 
tween sieving  and  optical  shadowing  size  distributions.  The  Foxboro  instru- 
ment and  sieving  techniques  are  fundamentally  different.  Sieving  techniques 
force  a  preferred  orientation  on  a  particle,  i.e.,  the  particle  theoretically 
presents  its  two  smallest  dimensions  (the  smallest  possible  projected  area) 
in  order  to  pass  through  the  mesh  and  add  its  weight  to  a  given  size  class. 
The  Foxboro  system  measures  a  random  chord  length  of  the  randomly  projected 
area  of  a  particle,  and  its  validity  as  a  measuring  technique  depends  on  the 
statistical  analysis  to  which  the  actual  measurement  and  classification  of 
each  particle  are  subjected.  In  either  case,  the  relationship  between  the 
two  size  distribution  measurements  is  itself  a  function  of  basic  particle 
frequency  (Vignos,  1979,  personal  communication).  Both  measurements  give 
different  but  equally  valid  information  about  particle  size  distribution. 

Because  the  validity  of  the  Foxboro  system  relies  on  statistical  ana- 
lysis, most  of  the  problems  associated  with  this  technique  relate  to  ensuring 
the  representativeness  of  the  particles  the  sensor  sees.  The  most  obvious 
drawback  is  that  only  a  narrow  band  of  particles  is  examined.  If  particles 
segregate  across  the  belt,  the  instrument  will  output  an  erroneous  size  dis- 
tribution. Another  problem  is  that  there  might  be  some  vertical  segregation 
on  the  conveyor  belt.  Much  of  the  fine  material  may  settle  below  the  depth 
of  focus  field  and  not  be  counted  at  all. 

Large  variations  in  particle  shape  may  upset  the  correlation  of  mass 
distribution  to  the  size  distribution  based  on  chord  length  measurement.  For 
example,  a  cigar-shaped  particle  can  pass  through  a  relatively  fine  mesh  sieve, 
but  since  it  cannot  stand  on  end  on  a  conveyor  belt,  its  projected  area  will 
depend  on  its  random  orientation  on  the  belt.  A  cigar-shaped  particle  lying 
with  its  longest  dimension  parallel  to  the  central  axis  of  the  belt  would  be 
sized  by  the  95  PSD  as  a  larger  and  heavier  particle  than  the  same  particle 
as  sized  through  a  sieve  analysis.  However,  if  this  same  particle  were  ori- 
ented with  its  longest  dimension  perpendicular  to  the  central  axis  of  the 
conveyor,  the  95  PSD  size  measurement  would  be  similar  to  the  sieving  size 
measurement. 

Since  the  photodetectors  sense  variations  in  reflectivity,  empty 
conveyor  belt  spaces  may  be  counted  as  particles  if  the  reflective  properties 
of  the  belt  are  similar  to  those  of  the  particles  and  if  the  length  of  the 
spaces  is  on  the  same  order  as  the  particle  size. 
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The  final  problem  is  that,  although  the  95  PSD  measures  a  wide  range 
of  particle  sizes,  it  does  not  measure  the  fine  particle  sizes  (less  than  3 
mm)  as  required  in  the  application  to  aggregate  gradation  analysis. 

Despite  these  limitations,  the  Foxboro  optical  shadowing  technique 
shows  promise  for  use  in  the  aggregate  industry  primarily  because  of  its 
on-line,  rapid  response  analysis  capabilities.  Further  discussion  of  this 
analysis  technique  is  contained  in  the  following  sections,  concentrating  on 
its  potential  applications,  installation  requirements,  reliability  of  opera- 
tion, and  basic  cost  items. 

8.3    Applications  in  the  Aggregate  Industry 

As  evidenced  by  the  discussion  in  Section  8.2,  the  application  of  the 
optical  shadowing  technique  to  aggregate  gradation  analysis  has  two  inherent 
1  imitations: 


•    The  measurement  range  is  limited  to  particle  sizes  of  300  mm 
to  3mm.  Thus,  the  small  particle  sizes,  which  are  required  for 
aggregate  gradation  analysis,  can  not  be  resolved. 

t    The  analysis  system  is  virtually  untested  in  the  field,  which 
leaves  questions  as  to  the  efficacy  of  the  sizing  method.  The 
relationship  to  sieve  results,  the  accuracy  of  the  technique,  and 
the  exact  nature  of  the  size  measurement  have  not  been  adequately 
demonstrated  through  field  tests. 

The  first  problem  was  not  resolved  during  this  study,  because  it  is  an 
inherent  property  of  the  sizing  method.  The  size  measurement  range  cannot  be 
extended  below  the  lower  limit  of  3  mm.  In  general,  poor  shadow  information 
is  received  from  these  small  particles  when  material  is  piled  on  a  conveyor. 
At  least  5  percent  of  the  particles  must  be  larger  than  10  mm  in  diameter  for 
accurate  determination  of  size  distributions. 

The  second  problem  area  was  not  addressed  during  this  study.  Although 
the  sizing  method  appears  to  generate  valid  size  distributions,  uncertainties 
associated  with  reliability,  accuracy,  maintainability  and  the  relationship 
to  sieve  analysis  results  can  only  be  resolved  through  field  testing.  From 
product  literature,  and  discussions  with  Foxboro  personnel,  it  is  evident  that 
the  unit  has  undergone  limited  field  testing,  but  only  under  controlled  oper- 
ating conditions  (e.g.,  with  ore  pellets  of  approximately  the  same  size). 
The  optical  shadowing  sizing  technique  should  be  tested  under  a  variety  of 
operating  conditions  to  establish  the  reliability  of  the  size  measurements. 
This  would  include  variations  in  the  type  of  aggregate  (e.g.,  crushed  stone, 
sand  and  gravel),  material  moisture,  belt  speed,  material  depth  on  the  belt, 
and  ambient  conditions. 
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In  its  present  configuration,  the  Foxboro  system  is  specifically 
designed  for  use  in  the  mining  industry.  The  sensor  unit  is  compact,  light 
weight  and  resistant  to  environmental  conditions.   If  proven  reliable  through 
field  tests,  the  analysis  system  could  be  immediately  used  for  the  purpose  of 
quality  control  testing  of  coarse  aggregate. 

Obviously,  the  3  mm  size  limitation  precludes  the  use  of  the  optical 
shadowing  technique  for  the  purpose  of  acceptance  testing  of  aggregate 
material.  However,  the  rapid  response  capabilities  and  the  relatively  low 
cost  make  it  attractive  as  a  short  cut  method  of  size  analysis.  Similar  to 
the  gap  sieving  principle  described  by  Antrim,  et  al.  (1970),  the  optical 
shadowing  technique  could  be  used  to  detect  potential  product  variation  from 
the  gradation  specifications.  It  would  be  possible  to  monitor  one  to  six 
aggregate  sizes  greater  than  3  mm  to  detect  variations  in  material  quality. 
The  aggregate  sizes  which  are  known  to  be  most  critical  or  have  historically 
reflected  the  greatest  variation  from  the  desired  specification  should  be 
monitored.  Since  the  Foxboro  unit  does  not  generate  particle  size  measure- 
ments which  are   identical  to  the  sieve  measurements,  the  sensor  output  would 
have  to  be  correlated  to  sieve  analysis  results.  This  would  be  done  by  field 
tests  performed  at  aggregate  production  facilities.  Periodic  sieve  analysis 
would  provide  information  on  the  small  particle  sizes  as  required.  Also, 
sieve  tests  would  be  required  periodically  to  insure  the  consistency  of  the 
correlation. 

For  purposes  of  in-plant  quality  control,  the  Foxboro  optical  shadow- 
ing technique  may  be  attractive  to  the  aggregate  producer.  Again,  the  system 
would  have  to  be  calibrated  against  sieve  results  to  ascertain  the  Foxboro 
unit's  response  when  quality  aggregate  is  being  produced.  In  essence,  quality 
control  charts  would  be  established  indicating  allowable  variations  in  the 
system's  response.  In  this  way,  the  plant  operator  could  detect  changes  in 
material  quality  which  might  dictate  a  process  adjustment.  This  quality 
control  procedure  would  still  require  that  sieve  analyses  be  performed  to 
determine  the  absolute  gradation  relative  to  existing  specifications. 

Because  the  sensing  and  processing  units  should  be  located  fairly 
close  to  one  another  (-10  m) ,  it  is  not  appropriate  to  think  of  a  system 
arrangement  with  a  central  analysis  station  as  with  the  Vidicon  system. 
Instead,  each  product  line  in  an  aggregate  plant  which  could  be  monitored 
for  gradation  would  be  equipped  with  a  sensor  installed  on  the  conveyor 
structure  and  processing  unit  located  nearby.  Thus,  each  sensor-processor 
combination  operates  independently.  However,  it  would  be  possible  to  trans- 
mit the  processor  output  to  a  convenient  central  location. 

System  design  modifications  were  not  considered  in  this  study  because 
of  the  commercial  availability  of  the  95  PSD  through  the  Foxboro  Company.  In 
contrast  to  the  vidicon  system,  design  features  such  as  the  proper  light  source, 
environmental  enclosure,  maintenance  requirements,  etc.,  have  already  been  con- 
sidered by  the  manufacturer.  For  example,  the  sensor  unit  is  compact  and  light 
weight  [about  84  lbs.  (38  kg)],  and  is  easily  installed  above  the  conveyor 
structure.  The  major  maintenance  items  are   the  lamps,  which  are  easily  acces- 
sible since  the  sensor  can  be  mounted  close  to  ground  level.  In  its  present 


-121- 


configuration,  the  Foxboro  95  PSD  is  essentially  ready  for  installation. 
However,  if  hard  copies  of  the  analysis  results  are  desired,  a  printer  must 
be  supplied.  A  light  emitting  diode  digital  display  is  the  normal  method  of 
data  presentation,  but  the  95  PSD  does  accomodate  a  strip  chart  recorder  or 
other  method  of  display. 

8.3.1  Installation 


The  sensor  and  data  processor  of  the  Foxboro  system  should  be  mounted 
near  one  another  so  that  the  wire  connecting  the  two  does  not  exceed  30  feet 
(10m).  Each  coarse  aggregate  conveyor  to  be  monitored  would  be  equipped  with 
a  sensing  device  and  a  processor  mounted  in  an  accessible  location.  Ideally, 
both  the  sensor  and  processor  would  be  mounted  near  the  ground  level  so  they 
can  be  reached  for  maintenance  and  repair.  Figure  32  represents  a  conceptual 
drawing  of  the  Foxboro  95  PSD  installed  at  an  aggregate  plant.  For  clarity, 
the  drawing  shows  the  sensor  unit  installed  near  the  middle  of  the  conveyor, 
but  it  can  easily  be  installed  closer  to  ground  level.  The  enlargements  of 
the  sensor  and  processor  indicate,  in  greater  detail,  the  method  of  installa- 
tion. 

A  typical  installation  of  the  sensor  and  processor  (control  panel)  is 
shown  in  Figure  33.  In  this  configuration,  the  sensor  is  positioned  24  inches 
above  the  top  level  of  material  on  the  belt  and  at  the  center  line  of  the  con- 
veyor. The  sensor  is  mounted  on  two  inch  (50  mm  -  inside  diameter)  galvanized 
steel  pipe  which  is  "U"  bolted  to  the  top  and  bottom  of  the  conveyor  chords. 
The  processor  is  mounted  on  the  vertical  support  structure  of  the  conveyor. 
A  mounting  frame  is  provided  with  the  processor,  this  frame  is  simply  bolted 
to  the  support  structure.  Although  not  specifically  shown  in  Figure  33,  the 
recorder  could  be  mounted  in  a  manner  similar  to  the  data  processor,  or  could 
be  installed  at  a  convenient  central  location. 

According  to  the  Foxboro  Company,  the  optics  window  surface  should  be 
positioned  24  ±  0.8  inches  (600  ±  20  mm)  above  the  mean  surface  of  the  mater- 
ial on  the  belt.  Also,  for  resolution  of  the  smaller  particle  sizes  the 
depth  of  field  of  the  optics  is  limited  to  ±  0.6  inch  (±  15  mm).   It  would 
appear  that  significant  variations  of  the  material  depth  on  the  belt  could 
result  in  erroneous  size  measurements.   If  the  material  depth  tends  to  vary 
considerably,  it  is  advisable  to  install  a  device  on  the  conveyor,  prior  to 
the  sensor,  which  will  maintain  a  constant  level  of  material  on  the  belt.  A 
V-shaped  belt  scraper,  pointing  down  the  conveyor  and  parallel  to  the  conveyor 
belt  could  accomplish  this  function. 

The  installation  of  the  sensor,  as  described  here,  is  such  that  the 
sensor  views  the  center  line  of  the  material  flow.  As  discussed  in  Section 
8.2,  material  segregation  on  the  belt  might  affect  the  validity  of  the  results 
of  the  size  distribution  analysis.  The  measurement  scheme  does  not  take  into 
account  the  possible  variations  in  particle  size  across  the  belt  width.  In 
addition,  when  the  light  and  sensor  are  directed  toward  the  surface  of  the  belt, 
there  is  the  possibility  that  gaps  in  the  material  may  be  counted  as  valid 
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particles,  if  the  gaps  are  about  the  same  length  as  the  particles  and  if  the 
reflective  properties  of  the  belt  are  similar  to  that  of  the  particles.  When 
there  is  no  material  on  the  belt,  the  system  automatically  recognizes  this 
and  discontinues  counting.  The  magnitude  of  these  potential  problems  is  not 
apparent  at  this  time,  and  should  be  investigated  through  field  testing  of 
the  Foxboro  system. 

To  eliminate  these  measurement  problems  a  number  of  alternative  mea- 
surement schemes  should  be  considered  in  testing  the  Foxboro  95  PSD.  Instead 
of  keeping  the  sensor  stationary,  it  could  move  periodically  across  the  width 
of  the  belt  or  continually  scan  the  width  of  the  belt.  The  sensor  could  be 
chain  driven  and  mounted  on  a  carriage  to  impart  this  lateral  motion.  Alter- 
natively, the  sensor  could  be  kept  stationary,  and  a  series  of  prisms  and 
mirrors  assembled  to  redirect  the  light  so  that  discrete  portions  of  the  belt 
cross-section  are  viewed.  These  two  approaches  may  help  to  eliminate  the 
segregation  problem,  but  a  careful  consideration  of  the  particle  size  analy- 
sis scheme  is  required,  because  the  belt  speed  calculation  is  a  function  of 
the  distance  between  the  photo-detectors  and  the  time  lag  between  the  parti- 
cle gap  signals. 

To  eliminate  erroneous  measurements  due  to  gaps  in  the  material  on  the 
belt,  the  sensor  could  be  positioned  so  that  material  is  viewed  in  the  vertical 
plane,  i.e.,  as  a  falling  stream  of  aggregate.  Thus,  reflection  from  the  belt 
would  not  create  a  problem.  Field  testing  of  this  analysis  alternative  is 
required  to  determine  the  feasibility  and  potential  problems  due  to  factors 
such  as  poor  shadow  information,  differences  in  particle  fall  velocities,  and 
the  influence  of  contrasting  backgrounds  or  external  lighting. 

8.4  Reliability  of  the  Optical  Shadow  System  -  Foxboro 

The  reliability  prognosis  for  this  system,  in  contrast  to  the  vidicon 
system,  could  employ  straightforward  MTBF  and  MTTR  calculations  because  the 
system  is  in  a  limited  production  status  and  there  is  detailed  information  on 
the  individual  components. 

The  MTBF  was  calculated  at  49  working  days  and  the  MTTR  1.06  hours. 

8.5  Costs  of  the  Optical  Shadow  System  -  Foxboro 

Acquisition  costs  have  been  quoted  by  the  manufacturer  as  $12,000  per 
system.     A  system  for  five  product  lines  would  be  $60,000  plus  an  estimated 
$7,000  for  installation  for  a  total   of  $67,000.      It  should  be  noted  that  an 
automatic  printer  is  not   included  in  this  price  since   it  is  not  a  part  of  the 
present  commercial   system. 
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8.5.1  Operation  and  Maintenance  Costs 

Because  this  system  is  in  production  it  is  possible  to  estimate  O&M 
costs  by  using  a  percentage  figure  for  this  general  type  of  electro-optical 
equipment.  A  nominal  figure  of  6  percent  of  acquisition  cost  or  $3,600  is  a 
realistic  figure  for  annual  0&M  costs. 

8.5.2  Cost  per  Gradation  Determination 

Based  on  estimated  equipment  capital  costs  installed  ($67,000)  and  OM 
costs  ($3,600),  a  projection  of  the  cost  per  gradation  determination  was 
made.  This  was  for  a  system  which  monitors  five  product  lines  and  prints  the 
gradation  results  every   20  minutes.  The  standard  unit  does  not  have  hard 
copy  printer  output  capabilities.  On  this  basis,  there  are  15  gradation 
determinations  displayed  every   hour.  As  presented  in  Section  7.5.1,  the 
system  is  assumed  to  be  operational  2,000  hours  annually. 

Assuming  an  interest  rate  of  10  percent  and  the  term  of  the  loan  as  15 
years,  the  capital  recovery  factor  is  0.132.  The  annualized  equipment  cost 
is  then: 


AC  =  0.132P  +  M 


Thus, 


where  AC  =  annualized  cost 

P  =  present  value  of  the  loan 
M  =  annual  O&M  costs 


AC  =  0.132  ($67,000)  +  $3,600 
=  $12,444 


The  estimated  cost  per  gradation  determination  is: 


$12  444 
Cost  per  gradation  determination  =  *n  ' — t-f- 
^   3  2000  x  15 

=  $0.41 


As  with  the  Vidicon  System  discussed  in  Section  7.5.2,  the  cost  per 
gradation  determination  ($0.41)  for  the  Foxboro  95  PSD  should  not  be  compared 
directly  to  the  gradation  costs  presently  incurred  with  the  manual  procedures, 
The  major  factor  contributing  to  this  relatively  low  unit  cost  is  the  large 
number  of  gradations  (30,000)  analyzed  annually.  Also,  it  should  be  realized 
that  the  use  of  the  Foxboro  95  PSD  is  limited  to  quality  control  testing  of 
coarse  aggregate. 
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9.0    CONCLUSIONS  AND  RECOMMENDATIONS 


This  report  has  presented  the  results  of  the  study  to  examine  methods 
and  concepts  adaptable  to  automatic  gradation  in  the  aggregate  industry  to 
replace  the  current  manual  sieving  techniques.  The  following  important  con- 
clusions can  be  drawn: 


1.  No  commercially  available  technique  was  found  to  meet  all  the 
industry-specific  criteria  for  automatic  gradation. 

2.  Automation  of  aggregate  gradation  for  product  certification  and 
process  control  can  be  achieved  industrywide  if  a  major  commit- 
ment is  made  by  the  government  in: 

(i)  Further  developing  the  vidicon  system  through  field  tests 
and  refinements;  and 

(ii)  Developing  model  alternate  specifications  which  are  based  on 
parameters  other  than  those  "provided  by  the  currently  used 
manual  test  methods  for  acceptance  of  aggregate  for  highway 
construction.  The  basis  for  acceptance  of  aggregate  mater- 
ial could  be  either  the  existing  or  the  alternate  specifi- 
cations. 


Further,  specific  conclusions  regarding  the  two  promising  techniques 
described  in  this  report  are: 

1 .    Vidicon  System 

(a)  The  vidicon  system  has  the  potential  for  meeting  an  important 
criterion:  the  ability  to  measure  particles  over  the  wide  size 
range  encountered  in  aggregate  material  [from  4  inches  (100  mm) 
to  about  10  um]. 

(b)  For  an  aggregate  production  facility  with  five  product  lines,  the 
ultimate  installed  cost  of  the  vidicon  system  for  automatic  gra- 
dation is  estimated  to  be  $212,000.  The  estimated  cost  per  gra- 
dation determination  is  $1.53.  This  unit  cost  per  gradation 
determination  is  based  on  30,000  gradations  annually  and  should 
not  be  compared  directly  to  the  current  cost  incurred  by  highway 
agencies  because  of  this  large  number  of  gradation  tests. 

(c)  If  replacement  of  the  laser  source  with  a  high-intensity  light 
source  proves  feasible  through  field  investigations,  this  cost 
would  be  significantly  reduced.  Additional  cost  reductions 
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would  be  realized  if  a  portable  vidicon  system  proves  feasible, 
since  one  vidicon  unit  could  service  numerous  product  lines  or 
aggregate  plants. 

(d)  Further  design  refinements  of  the  vidicon  system  to  address 

aspects  of  material  handling  requirements,  measurement  accuracy 
and  reliability  of  the  system  are  needed. 

2.    Optical  Shadow  System 

(a)  The  optical  shadow  system,  now  commercially  available,  can  cover 
a  particle  size  range  of  1/8  inch  (4  mm)  to  4  inches  (100  mm). 
This  limitation  makes  it  incapable  of  use  as  a  technique  for 
product  certification  where  the  amount  of  fines  in  the  material 
are  specified  by  the  purchasing  agency. 

(b)  The  simplicity  of  operation  of  the  optical  shadow  technique  makes 
it  attractive  for  process  control. 

(c)  For  an  aggregate  production  facility  with  five  product  lines,  the 
installed  cost  of  the  optical  shadow  system  for  automatic  grada- 
tion is  estimated  to  be  $67,000.  The  estimated  cost  per  grada- 
tion determination  is  $0.41.  This  unit  cost  per  gradation  deter- 
mination is  based  on  30,000  gradations  annually  and  should  not  be 
compared  directly  to  the  current  cost  incurred  by  highway  agencies 
because  of  this  large  number  of  gradation  tests. 

(d)  Further  field  experience  with  the  optical  shadow  system  is  needed 
to  address  aspects  of  calibration,  measurement  accuracy  and  sensor 
orientation  with  respect  to  the  material  flow. 

In  order  to  achieve  the  long-term  goal  of  automated  gradation  of  aggre- 
gates for  product  certification  by  the  producer  and  process  control  on  an 
industrywide  basis,  a  two-pronged  approach  is  recommended: 

A.  System  Development  to  refine  gradation  system  components  and  to 
reduce  costs. 

B.  Measures  to  Ensure  System  Acceptance 

A.     System  Development 

The  conceptual  design  presented  in  this  report  points  to  the  feasi- 
bility of  the  vidicon  system  as  a  viable  technique  for  automated  aggregate 
gradation.  A  program  of  development  and  demonstration  of  this  viability 
should  include  the  following  phases: 
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I  Laboratory  Testing  of  the  Optical  Sensor  Subsystem 

II  Design  of  a  Field  Model  and  Field  Testing 

III  Prototype  Development  Based  on  Field  Experience 

IV  Production. 


It  is  recommended  that  phases  I  and  II  be  undertaken  under  the  aegis 
of  the  Federal  Highway  Administration  and  with  the  aggregate  industry's 
support  to  spur  private  enterprise  involvement  in  Phases  III  and  IV.  For 
the  vidicon  technique,  Phases  I  and  II  should  address: 

t   Software  development 

t    Selection  of  a  light  source:  laser  or  high-intensity  strobe  type 
illumination  system 

t  Portability  of  the  optical  and  data  analysis  components  of  the 
vidicon  system:  a  truck  or  trailer  mounted  system  which  could 
be  easily  moved  from  one  location  to  another 

t    Comparison  of  system  data  accuracy  between  two  alternate  material 
handling  options:  the  sample-splitter,  feeder  option  described 
in  this  report,  and  the  less  intricate  free-fall  option 

•    Packaging  to  withstand  plant  environment 

©    Resolution  of  material  handling  problems. 

For  the  optical  shadow  system,  which  is  already  available  commercially, 
field  evaluation  is  recommended  to  address: 


•  Calibration  difficulties 

e    Feasibility  of  alternate  positioning  so  that  the  system  senses 
particles  in  free  fall  instead  of  on  top  of  a  conveyor,  to 
improve  accuracy 

*  System  usefulness  for  process  control. 

B.    Measures  to  Ensure  System  Acceptance 

The  existing  mechanism  of  product  acceptance  by  the  buying  agencies, 
described  in  detail  in  this  report,  is  based  on  gradation  specification  using 


-129- 


size  and  weight  as  the  key  parameters.  These  specifications  vary  widely 
throughout  the  industry,  and  call  for  sampling  and  testing  by  prescribed 
methods  which  invariably  include  manual  sieving.  Although  it  is  generally 
accepted  that  automated  gradation  techniques  will  result  in  savings  in  total 
highway  construction  costs,  these  potential  cost  savings  have  not  been  fully 
quantified.  The  following  recommendations  are  made  to  ensure  the  industry- 
wide acceptance  of  automatic  gradation: 

•  Alternate  specifications  should  be  developed  and  tested  in  con- 
junction with  the  initial  application  of  an  automated  gradation 
scheme.  Parameters  used  to  specify  gradation  should  be  compatible 
with  those  yielded  by  the  new  technique.  The  effect  of  such 
alternate  specifications  on  highway  quality  should  be  evaluated. 

•  Cost  savings  from  automation  of  gradation  should  be  quantified 
for  meaningful  comparison  with  the  costs  of  these  systems.  This 
quantification  should  take  into  account  the  following  elements: 

(i)    The  shift  from  consumer  to  producer  of  testing  responsi- 
bilities and  certification,  and  the  savings  in  manual  test 
labor. 

(ii)   Improved  product  quality 

(iii)  Improvements  in  production  rates  due  to  better  process 
control 

(iv)   Reduced  penalty  costs  of  out-of-specification  material 
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Chief  Engineer  -  Operations 

West  Virginia  Department  of  Highway 

1900  Washington  Street  East 

Charleston,  West  Virginia  25311 


-131- 


REFERENCES 


American  Association  of  State  Highway  Officials  (AASHTO),  1970.  Standard 

Specifications  for  Highway  Materials  and  Methods  of  Sampling  and  Testing, 
Part  II,  Methods  of  Sampling  and  Testing. 

AASHTO  Designation  T2-68:  Standard  Methods  of  Sampling  Stone,  Slag, 
Gravel,  Sand,  and  Stone  Block  for  Use  as  Highway  Materials. 

AASHTO  Designation  T27-70:  Standard  Method  of  Test  for  Sieve  Analysis 
of  Fine  and  Coarse  Aggregates. 

American  Society  for  Testing  and  Materials  (ASTM),  1972.  Manual  on  Test 
Sieving  Methods.  ASTM  Special  Technical  Publication  447  A  (STP  447 

,  1979.  Annual  Book  of  ASTM  Standards,  Part  15,  Road  and  Paving  Mater- 
ials; Roofing,  Waterproofing,  and  Bituminous  Materials;  Skid  Resistance. 

ASTM  Designation  C136-76:  Standard  Method  for  Sieve  or  Screen  Analysis 
of  Fine  and  Coarse  Aggregates. 

ASTM  Designation  D75-71  (Reapproved  1978):  Standard  Methods  of  Sampling 
Aggregates. 

ASTM  Designation  D3665-78:  Random  Sampling  of  Paving  Materials. 

ASTM  Designation  El  1-70  (reapproved  1977):  Standard  Specification  for 
Wire-Cloth  Sieves  for  Testing  Purposes. 

ASTM  Designation  E105-58  (reapproved  1975):  Standard  Recommended 
Practice  for  Probability  Sampling  of  Materials. 

ASTM  Designation  E122-72:  Standard  Recommended  Practice  for  Choice  of 
Sample  Size  to  Estimate  the  Average  Quality  of  a  Lot  or  Process. 

,  1978.  Annual  Book  of  ASTM  Standards,  Part  41,  General  Test  Methods; 

Nonmetal;  Statistical  Methods;  Space  Simulation;  Particle  Size  Measure- 
ment; General  Laboratory  Apparatus;  Durability  of  Non-Metallic  Mater- 
ials; Metric  Practice. 

ASTM  Designation  E 141 -61 :  Recommended  Practice  for  Acceptance  of 
Evidence  Based  on  the  Results  of  Probability  Sampling. 

Antrim,  J.  D.,  F.  B.  Brown,  H.  W.  Busching,  J.  A.  Chisman,  J.  H.  Moore,  J.  P. 
Rastron,  and  A.  E.  Schwartz,  1970.  Rapid  Test  Methods  for  Field  Control 
of  Highway  Construction.  National  Cooperative  Highway  Research  Program 
Report  103.  Highway  Research  Board,  National  Academy  of  Sciences. 


-132- 


Battel le,  1976.  General  Rules  for  Methods  of  Sampling  of  Bulk  Materials. 
Report  No.  BNWL-TR-165,  prepared  for  the  Nuclear  Regulatory  Commission 
under  Contract  E(45-l ): 1830.  Translated  from  JIS  M8100-1973,  Japanese 
Industrial  Standard,  revised  March  1,  1973,  published  by  Japanese  Stan- 
dards Association. 

Business  Pubication  Rates  and  Data.  Volume  61  Number  6,  June  24,  1979. 
Skokie,  Illinois:  Standard  Rate  and  Data  Service,  Inc.  1482  pp. 

Cassat,  W.  A.  and  R.  S.  Maddock,  1974.   The  Proceedings  of  a  Seminar  on 

Aerosol  Measurements,  May  7,  1974.  National  Bureau  of  Standards  Special 
Publication  412,  October,  1974.  182  pp. 

Colgate,  Craig,  Jr.,  1978.  National  Trade  and  Professional  Associations  of 
the  United  States  and  Canada.  Washington:  Columbia  Books,  Inc. 

Daellenbach,  C.  B.,  W.  M.  Mahan,  and  F.  E.  Armstrong,  1974.  Rapid  Particle 
Size  Analysis  by  Hydrosizing  and  Nuclear  Sensing.  U.  S.  Bureau  of  Mines 
Report  of  Investigations  7879. 

Davies,  R.,  1973.  Rapid  Response  Instrumentation  for  Particle  Size  Analyses, 
a  Review,  Part  I.  American  Laboratory,  5(12).  p.  17  ff. 

,  1974a.  Rapid  Response  Instrumentation  for  Particle  Size  Analyses,  a 

Review,  Part  II.  American  Laboratory,  6(1).  p.  73  ff. 

,  1974b.  Rapid  Response  Instrumentation  for  Particle  Size  Analyses,  a 

Review,  Part  III.  American  Laboratory,  6(2).  p.  47  ff. 

,  1978.  Recent  Progress  in  Rapid  Response  and  On-Line  Methods  for 

Particle  Size  Analyses,  American  Laboratory,  10(4),  p.  97  ff. 

Form  408  Specifications,  1973.  Department  of  Transportation,  Commonwealth  of 
Pennsylvania  (PDT  Pub.  74).  966  pp. 

"Grading  Control  -  No  Problem",  1967.  Reprinted  from  Pit  and  Quarry,  June, 
1967. 

Hotham,  G.  A.,  1974.  Sizing  Aerosols  in  Real  Time  by  Pulsing  UV  Laser  Machine, 
in  Cassat,  W.  A.  and  R.  S.  Maddock,  1974.  The  Proceedings  of  a  Seminar 
on  Aerosol  Measurements,  May  7,  1974.  National  Bureau  of  Standards 
Special  Publication  412,  October,  1974. 

Hudson,  S.  B.  and  H.  F.  Waller,  1969.  Evaluation  of  Construction  Control 

Procedures,  Aggregate  Gradation  Variations  and  Effects.  National  Coop- 
erative Highway  Research  Report  69.  Highway  Research  Board,  National 
Academy  of  Sciences. 

Johanson,  Jerry  R.,  1978.  Particle  Segregation. . .And  What  To  Do  About  It. 
Chemical  Engineering,  May  8,  1978.  pp.  183-188. 


-133- 


Knol lenberg,  Robert  G.,  1976.  The  Use  of  Low  Power  Lasers  in  Particle  Size 
Spectrometry.  Society  of  Photo-Optical  Instrumentation  Engineers  (SPIE) 
Vol.  92:  Practical  Applications  of  Low  Power  Lasers,  pp.  136-152. 

McMaster,  Robert  C,  1963.  Non-Destructive  Testing  Handbook,  Volume  I.  New 
York:  The  Ronald  Press  Company,  pp.  11-36. 

1967.  Vidicon  for  X-ray  Radiography.  Reprinted  from  :  Encyclo- 


paedic Dictionary  of  Physics,  Supplementary  Volume  1.  London:  Pergamon 
Press,  9  pp. 

Military  Standardization  Handbook,  Reliability  Prediction  of  Electronic 
Equipment,  1976.  MIL-HDBK-217B,  7  September  1976.  Department  of 
Defense,  United  States  of  America. 

Military  Standard  Reliability  Prediction,  1963.  MIL-STD-756A,  15  May,  1963. 
Department  of  Defense,  United  States  of  America. 

Miller-Warden  Associates,  1965.  Development  of  Guidelines  for  Practical  and 
Realistic  Construction  Specifications.  National  Cooperative  Highway 
Research  Program  Report  17.  Highway  Research  Board,  National  Academy  of 
Sciences. 

Miller-Warden  Associates,  1967.  Evaluation  of  Construction  Control  Proce- 
dures, Interim  Report.  National  Cooperative  Highway  Research  Program 
Report  34.  Highway  Research  Board,  National  Academy  of  Sciences. 

Minerals  Yearbook,  1975.  Volume  I,  Metals  Minerals  and  Fuels.  U.  S.  Bureau 
of  Mines.   1550  pp. 

Morton,  R.  R.  A.  and  C.  McCarthy,  1975.  The  Omnicon  Pattern  Analysis  System. 
The  Microscope,  23.  pp.  239-260. 

Nichols,  Frank  P.,  Jr.,  1978.  Process  Quality  Control  in  the  Crushed  Stone 
Industry.  Presentation  offered  at  the  Annual  Meeting  of  the  Transpor- 
tation Research  Board,  January,  1978  (preprint). 

Richardson,  E.  S.,  R.  L.  McClelland,  R.  E.  Rosenbaum,  and  R.  J.  Barger,  1977. 
The  Investigation  of  Present  Aggregate  Gradation  Control  Practices  and 
the  Development  of  Short-Cut  or  Alternative  Test  Methods,  Interim 
Report.  Federal  Highway  Administration  Report  FHWA-RD-77-53,  April, 
1977. 

Sherman,  G.  B.  and  R.  0.  Watkins,  1968.  Statistical  Quality  Control  of 
Highway  Construction  Materials.  State  of  California,  Department  of 
Public  Works,  Division  of  Highways,  Materials  and  Research  Development 
Report  631133-9,  May,  1968. 

Stockham,  J.  D.,  L.  B.  Townsend,  R.  L.  Ohlhaber,  T.  M.  Scopelite,  E.  Swider, 
and  J.  Bereznak,  1971.  A  Vidicon  Scanning  Instrument  for  Measuring  the 
Size  of  Water  Droplets  in  a  Simulated  Rainf ield.  Journal  of  Physics 
Engineering:  Scientific  Instruments,  4.  pp.  557-561. 

-134- 


Stockham,  John  D.  and  Edward  G.  Fochtman,  1977.  Particle  Size  Analysis.  Ann 
Arbor,  Michigan:  Ann  Arbor  Science  Publishers,  Inc.  140  pp. 

Vignos,  James  H.,  Lutz  Elber,  and  Eugene  Gallagher,  1978.  Coarse  Particle 

Size  Distribution  Transmitter.  Proceedings  of  the  Instrument  Society  of 
America.  International  Instrumentation  Automation  Conference  (ISA-/8) 
held  in  Philadelphia,  PA.  October  15-19,  1978.  pp.  177-190. 

Wasan,  Darsh  T.,  1977.  Proceedings  of  the  Workshop  on  Particle  Technology 
Research  Needs,  Opportunities  and  Priorities.  Held  at  ASTM  Headquar- 
ters, Philadelphia,  PA,  August  21-22,  1975.  Prepared  for  National 
Science  Foundation. 

Wasserman,  Paul,  1976.  Encyclopedia  of  Business  Information  Sources. 
Detroit,  Michigan:  Gayle  Research  Company.  667  pp. 

Yurkowsky,  William,  D.  F.  Cottrell,  T.  R.  Gagnier,  E.  W.  Kimball,  and  T.  E. 
Kirejczyk,  1975.  Nonelectronic  Reliability  Notebook,  Report  No.  RADC- 
TR-75-22.  Rome  Air  Development  Center  (RBRS),  Griff iss  Air  Force  Base, 
New  York. 


»U.S.  GOVERNMENT  PRINTING  OFFICE:  1980   621-404 '947    1-3  -135- 


•n  -n 

o  o 

X    i 

Pi 

5  o 

H 
o  -n 

2  o 

H 

Q)    CD 
JD    O 

-(  3 
CD    •""• 

D)  C 
c+  CD 
co   ui 

X2    Hj 


CO  H 
co  rn 
a 

H«    -J   O 

o  o  o 

7C     I     W 


XI  00  -^ 

o  OJ 
cr 

CD  3 


FEDERALLY  COORDINATED   PROGRAM  OF  HIGHWAY 
RESEARCH  AND  DEVELOPMENT    (TCP) 


The  Offices  of  Research  and  Development  of  the 
Federal  Highway  Administration  are  responsible 
for  a  broad  program  of  research  with  resources 
including  its  own  staff,  contract  programs,  and  a 
Federal-Aid  program  which  is  conducted  by  or 
through  the  State  highway  departments  and  which 
also  finances  the  National  Cooperative  Highway 
Research  Program  managed  by  the  Transportation 
Research  Board.  The  Federally  Coordinated  Pro- 
gram of  Highway  Research  and  Development 
(FCP)  is  a  carefully  selected  group  of  projects 
aimed  at  urgent,  national  problems,  which  concen- 
trates these  resources  on  these  problems  to  obtain 
timely  solutions.  Virtually  all  of  the  available 
funds  and  staff  resources  are  a  part  of  the  FCP, 
together  with  as  much  of  the  Federal-aid  research 
funds  of  the  States  and  the  NCHRP  resources  as 
the  States  agree  to  devote  to  these  projects.'"' 


FCP   Category  Descriptions 

1.  Improved   Highway   Design   and   Opera- 
tion for  Safety 

Safety  R&D  addresses  problems  connected  with 
the  responsibilities  of  the  Federal  Highway 
Administration  under  the  Highway  Safety  Act 
and  includes  investigation  of  appropriate  design 
standards,  roadside  hardware,  signing,  and 
physical  and  scientific  data  for  the  formulation 
of  improved  safety  regulations. 

2.  Reduction    of    Traffic     Congestion    and 
Improved  Operational  Efficiency 

Traffic  R&D  is  concerned  with  increasing  the 
operational  efficiency  of  existing  highways  by- 
advancing  technology,  by  improving  designs  for 
existing  as  well  as  new  facilities,  and  by  keep- 
ing the  demand-capacity  relationship  in  better 
balance  through  traffic  management  techniques 
such  as  bus  and  carpool  preferential  treatment, 
motorist  information,  and  rerouting  of  traffic. 


*  The  complete  7-volume  official  statement  of  the  FCI'  is 
available  from  the  National  Technical  Information  Service 
(NTIS),  Springfield,  Virginia  22161  (Order  No.  PB  242057. 
price  $45  postpaid).  Single  copies  of  the  introductory 
volume  are  obtainable  without  charge  from  Program 
Analysis  (HRD-2),  Offices  of  Research  and  Development, 
Federal    Highway   Administration,    Washington,    D.C.    20500. 


3.  Environmental  Considerations  in  High- 
way Design,  Location,  Construction,  and 
Operation 

Environmental  R&D  is  directed  toward  identify- 
ing and  evaluating  highway  elements  which 
affect  the  quality'  of  the  human  environment. 
The  ultimate  goals  are  reduction  of  adverse  high- 
way and  traffic  impacts,  and  protection  and 
enhancement  of  the  environment. 

4.  Improved  Materials  Utilization  and  Dura- 
bility 

Materials  R&D  is  concerned  with  expanding  the 
knowledge  of  materials  properties  and  technology 
to  fully  utilize  available  naturally  occurring 
materials,  to  develop  extender  or  substitute  ma- 
terials for  materials  in  short  supply,  and  to 
devise  procedures  for  converting  industrial  and 
other  wastes  into  useful  highway  products. 
These  activities  are  all  directed  toward  the  com- 
mon goals  of  lowering  the  cost  of  highway 
construction  and  extending  the  period  of  main- 
tenance-free operation. 

5.  Improved  Design  to  Reduce  Costs,  Extend 
Life  Expectancy,  and  Insure  Structural 
Safety 

Structural  R&D  is  concerned  with  furthering  the 
latest  technological  advances  in  structural  de- 
signs, fabrication  processes,  and  construction 
techniques,  to  provide,  safe,  efficient  highways 
at  reasonable  cost. 

6.  Prototype  Development  and  Implementa- 
tion of  Research 

This  category  is  concerned  with  developing  and 
transferring  research  and  technology  into  prac- 
tice, or,  as  it  has  been  commonlv  identified, 
"technology  transfer." 

7.  Improved  Technology  for  Highway  Main- 
tenance 

Maintenance  R&D  objectives  include  the  develop- 
ment and  application  of  new  technology  to  im- 
prove management,  to  augment  the  utilization 
of  resources,  and  to  increase  operational  efficiency 
and  safety  in  the  maintenance  of  highway 
facilities. 
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